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ABSTRCT 

Although Hong Kong is a region with moderate seismic risk, there was no seismic 

consideration of low-rise reinforced concrete structures designed according to pre-2004 

Concrete Code. Beam-column joints (BCJs) as the most critical component of frame 

structures have several deficiencies, in particular absence of joint shear reinforcements. 

As the result, old buildings may not have sufficient joint shear capacity which may lead 

to collapse of the whole buildings. Thus, it is necessary to develop practical ways to 

strengthen the existing buildings, especially for lifelines facilities like hospital, public 

transportation stations, fire stations, etc. They will have to be upgraded to meet the 

soon-to-be-enforced seismic requirements on old buildings. 

In this study, a strengthening strategy for BCJs is proposed by installing unsymmetrical 

chamfers on the soffit of beams. There is no alteration to the building plans and 

chamfers can be constructed easily within hours. To investigate structural behaviour of 

non-seismically designed BCJs strengthened with chamfers, both experimental studies 

and numerical studies were conducted to identify the load-transfer mechanism. 

In the experimental studies, seventeen 2/3 scale specimens of interior and exterior BCJs 

include control specimens, strengthened specimens, specimens with joints shear 

reinforcements and joints with column eccentricity were prepared and subjected to 

cyclic horizontal displacement under constant vertical load until failure. As shown by 

the experimental results, unsymmetrical chamfers can effectively improve joint shear 

capacity and hinder the joint shear failure. Chamfer contributes to joint shear capacity 

when it is under compression. Chamfer size is the critical parameter influencing the 

structural beahviour and chamfer can be unreinforced. Eccentricity generated by 
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unequal dimensions of column has an opposite influence on joints when subjected to 

cyclic loading.  

Numerical studies were conducted through nonlinear finite element analysis to provide 

thorough understanding of load-transfer mechanism of BCJs with chamfers. Based on 

the principal stress contours, an additional strut is observed inside chamfer in additional 

to strut within joint area. Based on parametric studies on chamfer size, width of the 

additional strut increases with increasing chamfer size. It effectively improves diagonal 

strut of which is the primary mechanism of unreinforced BCJs to resist joint shear force.  

Based on the above, a modified softened strut-and-tie model to estimate joint shear 

strength of BCJs with chamfers is proposed. Depth of compression zone of beam is 

introduced to compute the diagonal strut. Finally, design rules are recommended for the 

strengthened strategy and load-transfer mechanism of both interior and exterior BCJs 

with chamfers are formulated. 
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NOTATION 

ab Depth of compression zone in column 
ab’ Depth of compression zone in column of strengthened beam-column 

joint 
ac Depth of compression zone in column 
as Depth of strut  
Ag Gross sectional area of column section 
Asb,inf Bottom flexural reinforcement in the beam  
Asb,sup Top flexural reinforcement in the beam 

Aso 
Area of the layer of steel furthest away from the maximum 
compression face in a column 

Ash Area of horizontal joint shear reinforcement 
Asv  Area of vertical joint shear reinforcement 
Astr Area of concrete strut in the joint  
bb Width of longitudinal beam 
bc Column width  
bj Effective joint width  
bs With of concrete strut 
db Beam depth 
db’ Thickness of the cover concrete in beam 
BI Beam reinforcement index 
Cc’ Compressive forces of concrete zone 
Cd Diagonal strut force in the joint 
Cs’ Compressive forces of longitudinal reinforcements 
D Diagonal compressive force 
e Eccentricity generated by different sizes of upper and lower column 
Ec Modules of concrete 
fc Cylinder strength of concrete 
fcu Cubic strength of concrete 
fyb Yielding stress of beam reinforcement 
fysh Yield strength of horizontal joint shear reinforcement 
fysv  Yield strength of vertical joint shear reinforcement 
hc Depth of column in the direction of joint shear being considered 
n Axial load ratio 
Fh Diagonal compressive force resisted by horizontal mechanism 
Fh!!! Balanced amount of horizontal tie force 
Fv Diagonal compressive force resisted by vertical mechanism 
Fv!!! Balanced amount of vertical tie force 
JI Joint transverse reinforcement index 
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Kh Horizontal tie index 
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Nc Column axial compression load at ultimate joint shear strenght 
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P0 Horizontal force without P-Δ effect 
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Rv Ratio of diagonal force provided by vertical mechanism 
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Vjho,e Equivalent joint shear force strengthening 
zcol Level arms of column  
zbm Level arms of and beam 
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longitudinal reinforcement in beam under tension 

eo Concrete cylinder strain corresponding to fc’ 
ed Average principal strain in principal d-direction 
eh Horizontal strain in the joint 
er Average principal strain in principal r-direction 
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z  Softening factor of concrete 
q Angle of concrete strut in the joint 
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CHAPTER 1 INTRODUCTION 

1.1  Background 

Reinforced concrete structures in low to moderate seismicity regions were designed and 

constructed to resist gravity load only, such as Italy, Australia, mid-America, South 

Korea and this was before the introduction of seismic codes (Masi, 2003; Kaung and 

Wong, 2011). Non-seismically designed RC structures exhibit several deficiencies, 

especially for beam-column joints (BCJs) as the most critical structural member in 

frame structures. Failure of BCJs caused catastrophic collapse during earthquake 

(Durrani and Wight, 1985), such as in Izmit earthquake in Turkey and Christchurch 

earthquake in New Zealand. Failure of BCJs was also commonly found in studies on 

post-earthquake investigations (Sezen et al., 2003; Zhao et al., 2009; Elwood, 2013) as 

shown in Figure 1.1. 

In Hong Kong and before 2004, RC structures were designed with gravity load only 

and wind load without seismic consideration (Lee et al., 2000; Lam et al., 2002). 

Typical BCJs in low-rise buildings, as shown in Figure 1.2, were provided with no joint 

shear reinforcements and accompanied with undesirable aspect ratio of joint (week 

column and strong beam). The above generates the non-seismically designed reinforced 

concrete structures vulnerable to the earthquake. 
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(a) 1999 Izmit earthquake in Turkey (Sezen et al., 2003) 

 

 
(b) 2008 Wenchuan earthquake in China (Zhao et al., 2009) 

 

 
(c) Christchurch earthquake in New Zealand (Elwood, 2013) 

 
Figure 1.1 Failure of RC beam-column joints in earthquakes 
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Figure 1.2 Typical non-seismically designed beam-column joint in Hong Kong 

(IStructE, 1989) 
 

As Hong Kong is recognized as a region of moderate seismic risk with peak ground 

acceleration at 0.15g in accordance with Chinese Code for Seismic Design of Buildings 

(GB50011, 2010), the HKSAR Government is planning to implement seismic resistant 

design for buildings (Legislative Council Panel on Development 2014). In the 

forthcoming future, there will be in need of large-scale strengthening programs to 

upgrade our building stock, especially those designed according to the pre-2004 

concrete codes. Moreover, as reported in 2014, more than 18,000 buildings were over 

30 years ago and most of them are facing different degrees of degradation. The number 

of buildings with different levels of degradation is increasing according to 50 years of 

design life of building (Law et al. 2010). Thus, proper maintenance and practical 

rehabilitation is an effective solution to maintain structure safety of old buildings, 

especially for lifeline infrastructures like hospitals, facilities for public transportation, 

police stations, fire stations, etc. 
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1.2  Objectives and scope of work 

1.2.1 Objectives 

This research aims to study the structural performance and load transfer mechanism of 

non-seismically designed BCJs with unsymmetrical chamfers. Key objectives of this 

research are: 

1. To examine the seismic response of different types of non-seismically designed 

BCJs strengthened with chamfers. 

2. To understand load transfer mechanism of strengthen BCJs. 

3. To propose a theoretical model for estimation of strengthened joints and to 

establish design rules. 

1.2.2 Scope of work 

To achieve the above objectives, this research mainly consists of following aspects: 

1. Experimental studies are conducted on both interior and exterior joints, 

including control specimens, strengthened specimens, specimens provided with 

joint shear reinforcements. 

2. Influence of column eccentricity on strengthening BCJs are investigated with 

three interior and three exterior specimens. 

3. Load transfer mechanism of joints with chamfer is identified by performing 

non-linear finite element analysis. Parametric studies are carried out to correlate 

chamfer size and horizontal resistance. 

4. A modified softened strut-and-tie model is proposed based on load transfer 

mechanism. 
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5. Finally, design rules are recommended. 

1.3  Research significance of this study 

In this study, a practical strengthening strategy is proposed by installing unsymmetrical 

chamfers on the soffit of beams. It makes use of the space above false ceiling without 

altering the existing building plans. There is no reinforcements joining chamfer to 

beams or columns. Thus, construction can be completed within hours, and is attractive 

to lifeline structures such as hospitals. Based on experimental studied and numerical 

analysis, load transfer mechanism and theoretical model for predicting joint shear 

strength of strengthened BCJs are provided. Based on the above, design rules are 

established. 

1.4  Layout of the thesis 

This thesis consists of seven chapters. Layout of this thesis is summarised as follows:  

Chapter 1 introduces background of the study, objectives, and scope of work. 

Chapter 2 presents a comprehensive review on performance of non-seismically 

designed beam-column joints, analytical models, estimation on joint shear strength, and 

repair and strengthening strategies. 

Chapter 3 conduct a preliminary study on four 2/3 scale interior joints strengthened 

with different sizes of chamfers with and without reinforcements (U-bars). Structural 

behaviours are presented in terms of failure mode, hysteretic loops, envelop curve, 

energy dissipation, stiffness degradation, and shear distortion. 

Chapter 4 further studies the performance of joints strengthened with chamfers. Test 

specimens include interior and exterior BCJs, and specimens with different sizes of 

upper and lower columns. Joint shear strength and response of chamfers are discussed. 



 

31 

Chapter 5 carries out nonlinear finite element analysis to identify load transfer 

mechanism of joints with chamfers. Behaviour of joints with varied chamfer sizes is 

studied. 

Chapter 6 identifies load transfer mechanism of joints with chamfers and relates 

chamfer size to peak horizontal force. Softened strut-and-tie model is modified by to 

predict joint shear strength. Design rules are recommended. 

Chapter 7 concludes major finding in this study and suggests directions for further 

study.  
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CHAPTER 2 LITERATURE REVIEW 

This chapter provides a comprehensive review on BCJs, including structural 

performance, analytical models, estimation on joint shear strength, and repair and 

strengthening strategies. Generally, reinforced concrete structures designed and 

constructed before 1970’s are without seismic consideration (Pohoryles et al., 2019; 

Gkournelos et al., 2021). With the prevailing seismic codes, concern on vulnerability 

of non-seismically designed BCJ subjected to seismic actions has been raised (Masi, 

2003; Engindeniz et al., 2005). To overcome the deficiencies of non-seismically 

designed BCJs, strengthening strategies have been proposed in recent decades. By 

studying the experimental database available in the literatures, analytical models have 

also been reviewed. Based on the above, research gaps on BCJ are identified. 

2.1  Seismic design of beam-column joints 

2.1.1 Joint shear strength 

When a BCJ is subjected to seismic action, significant shear force is induced regardless 

of having plastic hinges in beams or columns, or not. Basic mechanism of shear transfer, 

consisting of diagonal strut mechanism and truss mechanism, is illustrated in Figure 

2.1. Internal forces are transmitted by diagonal strut mechanism as shown in Figure 

2.1(a). Force transmitted to joint area through bonding between horizontal and vertical 

reinforcements and concrete forms the truss mechanism as shown in Figure 2.1(b). Thus, 

truss mechanism relies on sufficient joint shear reinforcements and adequate bonding. 
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(a) Strut mechnism (b) Truss mechanism 

Figure 2.1 Mechanism of shear transfer at interior joint (Paulay and Priestley, 1992) 
 

Freebody diagram of an interior joint is shown in Figure 2.2(a). Joint shear force at 

mid-height can be estimated based on force equilibrium using Equation (2.1). 

Vjh=T+Cc
' +Cs

' -Vc Equation 2.1 

Where Vjh is the horizontal joint shear force; Cc’ and Cs’ are compressive forces of 

concrete zone and longitudinal reinforcements in beam respectively; T is tensile force 

of reinforcement at upper layer and Vc is column shear force. As compressive force 

(Cc’+Cs’) is approximately equal to tensile force of longitudinal reinforcements at 

bottom layer (T’), Equation (2.1) can be simplified to Equation (2.2). 

Vjh=T+T'-Vc Equation 2.2 

Figure 2.2(b) shows the free body diagram of an exterior joint subjected to horizontal 

force. Similarly, horizontal joint shear force can be determined using Equation (2.3). 
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Vjh=T-Vc Equation 2.3 

  
(a) Interior (b) Exterior 
Figure 2.2 Freebody diagram of beam-column joint 

2.1.2 Joint shear strength models 

Models for shear strength computation can be classified into several categories. The 

first type comprises empirical models developed using regression or machine learning 

techniques in conjunction with experimental data (Sarsam and Phipps, 1985; Bakir and 

Boduroğlu, 2002; Hegger et al., 2003; Kim et al., 2009; Tran et al., 2014). The second 

type is theoretical models based on average plane stress in the joint panel in conjunction 

with the failure envelop of concrete (Hakuto et al., 2000; Wang et al., 2012; Tran and 

Hadi, 2017) or based on strut-and-tie method (Paulay and Priestley, 1992; Hwang and 

Lee, 1999, 2000, 2002; Pauletta et al., 2015; Hassan and Moehle, 2018). In recent 

decades, numerous experimental studies conducted on BCJs, and analytical models 

were developed based on experimental database. In what follows, some of the well-

known empirical and theoretical models are summarized. 
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Sarsam and Phipps (1985) proposed a semi-theoretical model calibrated from an 

extensive range of test results. Total joint shear strength is defined in Equation (2.4) 

and upper limits are recommended in Equation (2.5) and Equation (2.6). 

Vjh=5.08"fcuρc#
0.33 $

hc

db
%

1.33

bchc&1+0.29
N
Ag

+0.87Ashfysh Equation 2.4 

Where hc/db is aspect ratio of joint, and ρc is reinforcement ratio of column 

(ρc=Aso/(bchc)).  

Vjh≤2.4(fcu)0.33bcℎc  with fcu ≤ 70MPa Equation 2.5 

N
Ag

≤
fcu

3  Equation 2.6 

According to Paulay and Priestley (1992), joint shear strength is resisted by strut 

mechanism relying on concrete strength and truss mechanism requiring joint shear 

reinforcements in horizontal and vertical directions. Contribution of concrete strut (Vch) 

in an interior joint is expressed by Equation (2.7). 

D=(β-0.55)T+1.55
ac

hc
T-Vc Equation 2.7 

Where β is ratio of longitudinal reinforcement in beam under compression to 

longitudinal reinforcement in beam under tension. ac is compressive zone of column 

and is calculated by Equation (2.8). 

ac= *0.25+0.85
N

fcAg
+ hc Equation 2.8 

Contribution Vsh of joint shear reinforcements can be directly evaluated using Equation 

(2.9). 
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Vsh=Ashfysh Equation 2.9 

To avoid brittle failure of joint, upper limit of joint shear strength Vjh is recommended 

in Equation (2.10). 

Vjh

Ag
≤0.25fc≤9 MPa Equation 2.10 

Scott et al. (1994) proposed a simple equation on joint shear strength based on crushing 

failure of diagonal strut within joint. Thus, joint shear strength Vjh can be calculated 

using Equation (2.11). 

Vjh=
2,fcu

-zcol
zbm

+ zbm
zcol

.
bcℎc Equation 2.11 

Where fcu is compressive strength of concrete, zcol and zbm are level arms of column and 

beam, respectively. 

Strut-and-tie model (STM) provides clear understanding of load path of discontinuity 

regions, such as deep beam, corbel, squat wall and BCJ, when subjected to complicated 

loading. It was first proposed by Ritter (1899) as a simple truss model to visualize the 

internal forces in cracked beams. Ritter (1899) and Morsch (1909) applied this model 

to design of concrete beams. Afterwards, it was refined by Kupfer (1964) and 

Leondardt (1965). 

Hwang and Lee (2002) proposed a model using strut-and-tie concept. It is based on 

contribution from three types of mechanisms within the joint (diagonal, horizontal and 

vertical). The model considers the effect of concrete grade, width of beam and column, 

depth of beam and column and axial load ratio. Joint shear force is expressed by 

diagonal compression Cd as shown in Equation (2.12). 
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Vjh=Cd cos θ Equation 2.12 

Diagonal compression Cd is expressed by Equation (2.13). 

Cd=KξfcAstr Equation 2.13 

Coefficient of stiffness x depends on concrete strength and ξ="3.35 ,fc≤0.52⁄ #. Astr is 

area of diagonal strut. Index K represents the effect of horizontal tie (Kh) and vertical 

tie (Kv) of joint shear reinforcements as expressed by Equation (2.14) and Equation 

(2.15), respectively. 

Kh=1+(Kh!!!!-1)
Fyh

Fh!!!
≤Kh!!!! Equation 2.14 

Kv=1+(Kv!!!!-1)
Fyv

Fv!!!
≤Kv!!!! Equation 2.15 

Where, Kh!!!  and Kv!!!  are horizontal and vertical index with horizontal and vertical 

reinforcements determined using Equation (2.16) and Equation (2.17), respectively. 

Kh!!!!=
1

1-0.2(γh-γh
2) Equation 2.16 

Kv!!!!=
1

1-0.2(γv-γv
2) Equation 2.17 

Thus, forces from horizontal and vertical tie in reaching yield at failure can be 

calculated by Equation (2.18) and Equation (2.19), respectively. 

Fh!!!=γh(Kh!!!!ξfcAstr) cos θ Equation 2.18 

Fv!!!=γv(Kv!!!!ξfcAstr) sin θ Equation 2.19 

Here, strain parameters gh and gv can be evaluated using Equation (2.20) and Equation 

(2.21), respectively. 
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γh=
2 tan θ-1

3  0≤γh≤1 Equation 2.20 

γv=
2 tan θ-1

3  0≤γv≤1 Equation 2.21 

Hegger et al. (2003) proposed an empirical model after performing regression analysis 

on the experimental data. Joint shear strength is considered as sum of the contribution 

by concrete (Vch) and reinforcement (Vsh) as shown in Equation (2.22). 

Vjh= 02ξ $1.2-0.3
db

hc
% *1+

ρc-0.5
7.5 + bjhc,fc

3 1 +"αAshfysh# Equation 2.22 

Where, x determines type of anchorage of longitudinal reinforcements in beam, x=0.95 

and 0.85 is for L and U bars, respectively. Shear strength factor a for different detailing 

is summarized in Table 2.1. 

Table 2.1Shear strength factor a 
Anchorage type Hairpins Closed stirrups 
90-degred bent or headed bars 0.7 0.6 
180-degree bent bars 0.6 0.5 

 

The upper limit of joint shear strength is given in Equation (2.23). 

Vmax=γ1γ2γ30.25fcbjhc≤2Vch Equation 2.23 

Where g1, g2, and g3 are coefficients represent the anchorage efficiency of longitudinal 

reinforcements in beam, axial force, and aspect ratio of joint, respectively. g1 is 1.0 and 

1.2 when anchorage is bent bar and headed bars, respectively, g2 and g3 are determined 

using Equation (2.24) and Equation (2.25), respectively. 

γ2=1.5-1.2
σc

fc
≤1.0 Equation 2.24 
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γ3=1.9-0.6
db

hc
≤1.0 Equation 2.25 

In which sc = N/Ag is normal stress of column. 

Kim et al. (2007) adopted Bayesian parameter to estimate joints without joint shear 

reinforcements Kim et al. (2009) proposed an empirical model based on 341 data of 

BCJs subjected to cyclic lateral loading. A general shear strength prediction model has 

been proposed for both modern and older types of BCJs using Equation (2.26). 

νjh=αtβtηt1.33(J1)0.15(BI)0.30(fc)0.75 Equation 2.26 

Where, αt =1.0 for interior joint, αt =0.7 for exterior joint and αt =0.4 for knee joint. 

Parameter βt is 1.0 for BCJ without transverse beam and 1.18 for BCJ with two 

transverse beams. ηt = (1-e/bc)0.67 considers eccentricity effect from beams. BI and JI 

are beam reinforcement index and joint shear reinforcement index, respectively and 

they depend on beam reinforcement ratio (ρb) and joint shear reinforcement ratio (ρj), 

respectively. These parameters can be calculated using Equation (2.27) to Equation 

(2.30). 

BI=
ρbfyb

fc
 Equation 2.27 

JI=
ρjfysh

fc
 Equation 2.28 

ρb=
Asb,sup+Asb,inf

bb𝑑b
 Equation 2.29 

ρj=
Ashhc

h#b#"𝑑b-2db
' #

 Equation 2.30 

Sharma et al. (2011) developed a new approach to evaluate joint shear strength of 

exterior BCJ by considering principal tensile stress as failure criterion of diagonal strut. 
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For a given axial stress on column sc, vertical joint shear stress s, concrete tensile stress 

pt, and aspect ratio a (db/hc) of joint, joint shear strength can be determined using 

Equation (2.31). 

Vertical joint shear stress s and principal tensile stress pt can be calculated by Equation 

(2.32) and Equation (2.33), respectively. 

σ=
2σ#+α2pt+α6α2pt

2+4pt"σ#+pt#

2  
Equation 2.32 

pt=
σ
2 -

σ
2
&1+

(σ-σ#)2

α2σ2  
Equation 2.33 

Wang et al. (2012) proposed a theoretical model by idealizing reinforced concrete in 

joint as a homogenous material under plane stress. As expressed in Equation (2.34), 

Kupfer–Gerstle biaxial failure envelop was adopted to govern the joint shear failure 

with either crushing of strut or cracking of concrete. In the proposed model, joint 

without joint shear reinforcements was taken into consideration and compared to 

experimental results. Here, the effect of axial load was ignored. 

Vjhmax=β
1.0- $sin2 θ

ft,n
-0.8cos2 θ

fc
% σc

$ 1
ft,n

+ 0.8
fc
% sin 2θ

bjhc Equation 2.34 

Where b is taken as 1.0 for interior BCJs and 0.8 for exterior BCJs, respectively. ft,n is 
nominal tensile strength as defined in Equation (2.35). 

ft,n=ftc+ρshf
ysh

cos2𝜃+ρsvf
ysv

sin2𝜃 Equation 2.35 

Vjh=
(σ-σc)

α bjhc Equation 2.31 
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Where fct represents for contribution of concrete to the nominal tensile strength as 

calculated with 0.556,fc. rsh (Ash/(bjhc)) and rsv (Asy/(bjhc)) are horizontal shear 

reinforcement and vertical shear reinforcement ratio, respectively. 

Pauletta et al. (2015) proposed a single expression to evaluated joint shear strength of 

exterior BCJ based on STM. In this method, joint shear strength is resisted by two 

diagonal struts within joint, joint shear reinforcements, and vertical intermediate 

column reinforcements. Joint shear strength is recommended by Equation (2.36). 

Vn,d=0.45 0
χfcbjac cos θ

α +0.79Ashfysh+0.52
Asvfysv

tan θ 1 Equation 2.36 

Where χ is a non-dimensional parameter defined by Equation (2.37). 

χ=0.74 $
fc

105%
3

-1.28 $
fc

105%
2

+0.22 $
fc

105%+0.87 Equation 2.37 

Although there are numerous models for estimating joint shear strength, uncertainty 

still exists (Lima et al., 2012b, 2012a; Parate and Kumar, 2016, 2019). Accuracy and 

consistency of empirical model depend not only on the models but also the 

completeness and number of test data. On the other hand, STM presents an alternative 

for designing reinforced concrete members with force and geometric discontinuities. It 

provides a clear account of the behavior. Further, softened STM takes concrete 

softening into consideration. Among various empirical and analytical shear strength 

models, models proposed by Hwang and Lee (2002) (softened STM) and Kim et al. 

(2009) display relatively better correlation with experimental results, as shown in 

Figure 2.3. Softened STM proposed by Hwang and Lee (2002) also achieves the highest 

accuracy in respect of unreinforced joints (Lima et al., 2012a). Based on the above, 

STM model is more rational and appropriate than the other approaches to predict the 

joint shear strength of joint. Thus, softened STM is adopted and modified in this study. 
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(a) Hwang and Lee (2000) (b). Kim et al. (2009) 

  
Figure 2.3 Theoretical-experimental comparison (Lima et al., 2012a) 

2.1.3 Requirements on joint shear strength 

ACI Committee 318 (2019) provides the requirements on design and detailing of cast 

in-situ BCJs. Pursuant to the requirement that nominal shear strength Vn should not be 

lesser than fVu, (where Vu is joint shear force and f is strength reduction factor), 

nominal shear strength Vn of joints can be calculated using Equation (2.38). 

Vn=0.85γ,fcbjhc Equation 2.38 

γ is joint shear strength factor based on the recommendations of ACI-ASCE Committee 

352 (2002) as given in Table 2.2. bj is the effective joint width as shown in Figure 2.4 

and can be determined using Equation (2.39). hc is the depth of column in the direction 

of joint shear. 

min 8
bb+bc

2 ,bb+9
mhc

2 ,bc: Equation 2.39 
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Although definition of effective joint width in ACI-ASCE Committee 352 (2002) is 

different from ACI Committee 318 (2019), values of effective joint width determined 

by these two recommendations are similar for most cases. 

Table 2.2 Values of γ for beam-column joints 

Classification 
Connect type 

1 2 
A. Joint with a continuous column  
A.1 Joints effectively confined on all four 

vertical faces 
A.2 Joints effectively confined on three vertical 

faces or on two opposite vertical faces 
A.3  Other cases 

  

24 20 

20 15 

15 12 

B. Joint with a discontinuous column 
B.1 Joints effectively confined on all four 

vertical faces 
B.2 Joint effectively confined on three vertical 

faces or on t wo opposite vertical faces 
B.3 Other cases 

  

20 15 

15 12 

12 8 

 

 
 

Figure 2.4 Effective joint width bj (ACI-ASCE Committee 352, 2002) 
 

In NZS 3101.1 (2006), joint shear is considered by strut mechanism and truss 

mechanism. Horizontal shear force is determined as the minimum value of 0.2fcbjhc and 

10bjhc as expressed using Equation (2.40). 

Vn=minimum" 0.20fcbjhc,10bjhc# Equation 2.40 

bj is determined according to 
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Where bc≥bw: either bj=bc or bj=bw+0.5hc, whichever is smaller. 

Where bc≤ bw: either bj=bc or bj=bw+0.5hc, whichever is smaller. 

In Eurocode 8 (2004), diagonal compression of a joint estimated by diagonal strut 

mechanism shall not exceed the compressive strength of concrete. For interior BCJ, 

horizontal shear force should not exceed the value calculated using Equation (2.41). 

Vjhd≤ηfcd&1-
νd

η bjhjc Equation 2.41 

where 

η=0.6(1- fck 250⁄ ); 

hjc is the distance between extreme layers of column reinforcements. 

bj is effective joint width and determined as follows: 

Where bc>bw: either bj=bc or bj=bw+0.5hc, whichever is smaller. 

Where bc<bw: either bj=bc or bj=bw+0.5hc, whichever is smaller. 

νd is the normalized axial force in the column. 

In the above, both NZS3101.1 and Eurocode 8 apply virtually the same definition of 

effective joint width bj. For exterior BCJ, horizontal designed shear force should not be 

more than 80% of that estimated by Equation (2.41). 

2.2  Non-seismically designed beam column joints  

In moment-resisting frames, BCJ is critical member affecting the stability. Failure of 

BCJ may lead to catastrophic collapse in an earthquake (Hanson and Connor, 1967). 

As observed from post-earthquake investigations, structures constructed without 

seismic provisions performed unsatisfactory (Su, 2001; Arslan and Korkmaz, 2007; 
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Zhao et al., 2009). It is because they were designed to gravity load and wind load only 

leading to substandard BCJs. ACI-ASCE Committee 352 suggested: “These joints need 

to be studied in detail to establish their adequacy and to develop evaluation guidelines 

for building rehabilitation. Methods for improving performance of older joints need to 

be studied. Scarce information is available on connection repair and strengthening.” 

Thus, it is crucial to evaluate seismic response and identify deficiencies of non-

seismically designed BCJ to improve their resistance under seismic actions (Beres et 

al., 1996; Masi, 2003; Kim and LaFave, 2007). 

Li et al. (2002) investigated seismic behaviour of non-seismically detailed beam-wide 

column joint in the absence of joint shear reinforcements and with inappropriate lap 

splice of main reinforcements in columns. Two non-seismically detailed specimens 

designed to BS8110 (1997) were prepared to represent a six-story moment resisting 

frame. Experimental results have demonstrated that seismic performance of specimen 

designed with gravity load only is unsatisfactory in terms of strength, ductility, and 

stiffness. Seismic response can be readily improved by providing nominal joint shear 

reinforcements and rearranging lap splices of main reinforcements in columns. 

Wong and Kuang (2008) investigated the effect of beam to column ratio on seismic 

behaviour. Full-scale specimens designed to BS8110 (1997) without seismic 

consideration were subjected to cyclic loading and constant axial load. With increasing 

beam-column ratio, shear stress decreased significantly, dropping to about 40% of shear 

strength with beam-column ratio changing from 1 to 2. This indicates that seismic codes 

may overestimate the joint shear strength when beam-column ratio is greater than 1. 

Supaviriyakit and Pimanmas (2008) discussed the influence of different parameters to 

seismic response of sub-substandard interior BCJs. Effect of joint shear stress, 
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anchorage bond of longitudinal reinforcements within the joint and joint shear 

reinforcements have been estimated with five half-scale specimens. Based on the 

experimental results, joint shear reinforcements may not be effective to suppress brittle 

failure. By increasing the dimension of column (specimen J4), energy dissipation can 

be improved and failure mode changes to ductile flexural failure. 

Shafaei et al. (2017) investigated the performance between seismically and non-

seismically designed BCJs experimentally. Dimension and details of specimens were 

adopted from a five-story residential building in Iran with inherent shortcomings of no 

joint shear reinforcements and insufficient bonding capacity of longitudinal 

reinforcements within joint area. Experimental results have shown that rates of strength 

and stiffness degradation in non-seismically designed BCJs were higher than that of 

with seismic detail. Pinching effect of non-seismically designed joints increases leading 

to reduction on energy dissipation capacity. 

Based on experimental studies (Aycardi et al., 1994; Beres et al., 1996; Pampanin et al., 

2002; Engindeniz et al., 2005), deficiencies of non-seismically designed BCJs mainly 

consist of insufficient or absense of joint shear reinforcements, inappropriate or not 

enough longitudinal reinforcements and substandard anchorage layout. In old structures, 

large diameter longitudinal reinforcements were used and they passed through columns 

with limited depth (Park, 2002). This leads to slippage between reinforcements. To 

secure sufficient bonding and to avoid bond-slip between reinforcements and concrete, 

seismic provisions (NZS 3101.1, 2006) have specified deformed bars as reinforcements. 

Although it was common to bend the longitudinal reinforcements at exterior BCJs to 

form hooks, this could not ensure effective transfer of tensile force at the bend to the 

diagonal strut (Park and Paulay, 1975). Also, non-seismically designed BCJs have 
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undesirable beam to column ratio, leading to moment capacity of column lower than 

that of beam. 

Generally, non-seismically designed BCJs exhibit insufficient strength, low energy 

dissipation and undesirable failure mode under seismic actions. To avoid severe 

damage and improve seismic response, various repairing and strengthening methods 

have been proposed and experimentally examined. These are reviewed as follows. 

2.3  Strengthening strategies of beam-column joints 

In recent decades, many strengthening strategies have been proposed to improve 

strength, ductility of BCJs and energy dissipation by changing mode of failure from 

brittle failure to flexural failure. These mainly consist of epoxy repair, jacketing, fiber 

reinforced polymer composites and joint enlargement. 

2.3.1 Epoxy repair 

In the early days, epoxy injection was used to repair moderately damaged reinforced 

concrete structures (Popov and Bertero, 1975). French et al. (1990) studied the 

effectiveness of pressure injection and vacuum impregnation. Both were used to repair 

moderately damaged interior BCJs. Procedure of vacuum impregnation is shown in 

Figure 2.5. Epoxy was infused from bottom to top by two inlets placed at bottom of 

beam and one placed at based of column. From the experimental results, stiffness, 

strength, and energy dissipation of repaired specimens were restored to about 85% of 

original specimens. As compared with pressure injection, vacuum impregnation was 

favorable due to its flexibility to access and apply. 
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Figure 2.5 Vacuum impregnation procedure applied by French, Thorp, and 

Tsai.(French et al., 1990) 
 

Beres et al. (1992) repaired on-way damaged interior joints with deficiencies by 

vacuum injection of methyl-methacrylate resin without removing the initially applied 

gravity load. Loading capacity and initial stiffness of repaired specimens were 

recovered to 72% and 75% of the original specimens, respectively. Energy dissipation 

of repaired specimens was comparable to the original specimens. However, both 

repaired and original specimens failed with pullout of bottom reinforcements of beam 

and severe diagonal cracks within joints. 

Karayannis et al. (1998) performed an experimental study on damaged exterior BCJs 

repaired by epoxy injection technique. Seventeen specimens with different 

arrangements of joint shear reinforcements were prepared comprising a range of 

commonly designed BCJs. They were divided into three series according to moment 

capacity ratios of beam to column. In general, repaired specimens showed equivalent 
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or higher loading capacity and stiffness as compared with the original specimens. 

However, they could not suppress shear failure of BCJs. 

Karayannis and Sirkelis (2008) investigated using epoxy resin to repair damaged 

concrete and strengthen BCJs with carbon-fiber-reinforced plastics (C-FRP) sheet. Two 

groups of specimens with different longitudinal reinforcements and joint shear 

reinforcements were tested. After repair and strengthening, specimens were subjected 

to cyclic loading. It was found that joint areas of repaired specimens remained intact 

after reloading and failure has changed to joint. Based on the experimental results, using 

C-FRT sheet to strengthen BCJ can improve loading capacity and energy absorption of 

strengthened specimens. 

2.3.2 Jacketing 

Jacketing is one of the most common and earliest techniques to strengthen BCJs due its 

compatibility to the original structure. Concrete jacketing encases column and joint 

region by new concrete with additional longitudinal and transverse reinforcements 

(Hakuto et al., 2000). Perforation of slab at column corner was required to allow 

additional longitudinal reinforcements passing through the joint. Two-sided and three-

sided concrete jacketing were applied to strengthen existing joint (Tsonos, 2002). 

Further, thin concrete jacketing was adopted to reduce the weight and avoid change of 

dynamic response (Karayannis et al., 2008). Due to the advantages of material 

properties of fiber reinforced polymer (FRP), hybrid use of steel jacketing with 

different types of FPR to strengthen damaged BCJs was proposed (Sasmal et al., 2011). 

Ferrocement jacketing is also an alternative way to reduce weight of concrete without 

sacrificing structural performance (Li, Lam, Wu, et al., 2015). 
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To repair and strengthen BCJ damaged by earthquakes, two-sided and three-sided 

jacketing was investigated (Tsonos, 2002). Two non-seismically designed exterior BCJ 

specimens (O1 and O2) were prepared representing typical structures constructed in 

1960s and 1970s. They were subjected to cyclic lateral loads to simulate severe damage 

under earthquake. Subsequently, they were strengthened by two-sided (RO1) or three-

sided (RO2) cement grout jackets according to United Nations Industrial Development 

Organization (UNIDO) guidelines, as shown in Figure 2.6. Strengthened specimens 

were tested under the same displacement history as that applied to the original 

specimens. Both specimens O1 and O2 failed by joint shear failure at early loading stage. 

Repaired and strengthened specimens RO1 and RO2 failed in flexural and exhibited 

significantly higher strength, stiffness, and higher energy dissipation capacity than the 

original specimens. 
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Figure 2.6 Specimens strengthened with jacketings (Tsonos, 2002) 

 

Later, high performance fibre reinforced concrete (HPFRC) was adopted to jacketing 

(Shannag and Alhassan, 2005). Tests were conducted on 1/3-scale interior specimens, 

representing an interior BCJ of a prototype Jordanian building frame designed before 

1970 to gravity loads only. Six specimens were strengthened with 25 mm HPFRC 

jackets to entire joints and columns, maximum moment regions. From the test results, 

performance of strengthened specimens with HPFRC jacketing is improved in respect 

of strength, energy dissipation and stiffness degradation. Besides, failure mode has 

changed from brittle failure to ductile due to formation of plastic hinge in beam. 

Hooked steel fibers (HSF) contained in HPFRC provide better confinement and 

improve ductility to the joint region as compared with the jacket containing brass-

coated steel fibres. 

Effectiveness of carbon fibre reinforced polymer (CFRP) jacketing and reinforced 

concrete jacketing to BCJ was investigated by Tsonos (2008). Four identical reinforced 

concrete exterior beam-column-slab-transverse beam subassemblages (O2, P2, F1, S1) 
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were prepared. Two of the original specimens O2 and P2 were strengthened with four-

sided reinforced concrete jacketing as specimens SO2 and SP2. See Figure 2.7(a). The 

other two original specimens F1 and S1 were strengthened with high-strength fibre 

jacketing in the joint region and on the columns as specimens FRPF1 and FRPS1. See 

Figure 2.7(b). To study the effectiveness of strengthening effectiveness of under pre-

earthquake and post-earthquake, the original specimens O2 and F1 were strengthened 

after applying cyclic loading by removing loosened concrete and replacing with 

reinforced concrete jacketing or high-strength fibre jacketing. All strengthened 

specimens were loaded with the same loading history. Based on the experimental 

results, brittle joint shear failure of original specimens (O2 and F1) was shifted to ductile 

failure of strengthened specimens (SO2 and FRPF1) with the development of flexural 

hinges in beams. Reinforced concrete jackets were more effective in post-earthquake 

retrofitting than the high-strength fibre jackets. In the case of pre-earthquake 

strengthening, both methods were equally effective. 

 
(a). Strengthened specimens SO2 and SP2 (dimensions in m) 



 

53 

 

 
(b). Strengthened specimens FRPF1 and FRPS1 (dimensions in m) 

 
Figure 2.7 Jacketing of BCJs (Tsonos, 2008) 

 

Thin reinforced concrete jacketing was applied to joint region and small portion of 

columns and beams (Karayannis et al., 2008). It has the advantage of not restrained by 

space limitation and no changes to dynamic response of buildings. In total 10 exterior 

specimens were prepared and test with increasing cyclic loading. Damaged specimens 

were strengthened with different types of jacketing, including jacketing with light and 

dense reinforcements. The test results have shown that seismic performance of 

strengthen specimens was recovered. In some cases, performance of strengthened 

specimens was improved as compared with the original specimens, in terms of loading 
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capacity and energy dissipation. This technique can be considered as a repair or a 

rehabilitative intervention of damaged joint. 

Sasmal et al. (2011) combined steel jacketing and FRP to repair and strengthen 

damaged reinforced concrete BCJs. Specimen without ductile detailing was loaded with 

reverse cyclic loading. Damaged specimen was repaired with epoxy and grouted using 

low viscous polymer. It was then retrofitted using fiber reinforced plastic (FRP) 

wrapping in beam and column and steel plate jacketing in joint region as shown in 

Figure 2.8. Retrofitted specimen was loaded with the same loading sequence as the 

original specimen. From the experimental results, not only strength and stiffness were 

restored after retrofitting, it also overcome the deficiencies of non-ductile detailing. 

 
Figure 2.8 Retrofitting scheme for damaged specimen (Sasmal et al., 2011) 

 

Tsonos (2014) further investigated retrofitting old buildings by applying steel fiber 

ultra-high-strength concrete to joint region, and columns were strengthened using 

composite materials. By conducting cyclic tests on four specimens with different 

retrofit schemes, it was found that the mixed technique changed the failure mode of 
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strengthened joint and that it was more effective than conventional reinforced concrete 

jackets. 

Later, ferrocement was proposed to protect the joint region through replacing concrete 

cover (Li, Lam, Wu, et al., 2015). Six exterior beam-column joint specimens were 

prepared, including two control specimens and four strengthened specimens. The later 

were strengthened by ferrocement with gird skeletal reinforcements and diagonal 

skeletal reinforcements, respectively. All specimens were loaded with cyclic horizontal 

displacement and constant axial force. Based on the experimental results, seismic 

performance in terms of peak horizontal load, energy dissipation, stiffness, and shear 

strength can be enhanced by ferrocement. Shear deformation within joint is effectively 

restrained. Thus, ferrocement jacketing can be an effective method to upgrade 

substandard BCJs. 

2.3.3 Fiber reinforced polymer composites 

In recent decades, strengthening reinforced concrete structures with FRP has gained 

popularity due to its lightweight, high strength, and anti-corrosion prosperities. Various 

retrofit schemes have been applied to substandard BCJs. These are mainly comprised 

of enhancing joint shear by applying horizontal, vertical or diagonally wrapping FRP 

sheets on joint (El-Amoury and Ghobarah, 2002; Kien et al., 2010; Yurdakul and Avsar, 

2015), and flexural strengthening of beam or column to increase confinement and 

ductility (Prota et al., 2004; Mukherjee and Joshi, 2005). Seismic performance of 

substandard BCJ strengthened by FPR can be effectively upgraded in terms of strength 

and ductility and brittle failure can be avoided by appropriate design and arrangement 

of FRP (Pohoryles et al., 2019; Siddika et al., 2020). Performance of BCJ with 
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transverse beam or slab can be possibly enhanced by hybrid use of FRP sheets and near-

surface-mounted (NSW) steel bars (Elsanadedy et al., 2021). 

Ghobarah and Said (2002) proposed different fibre-wrap rehabilitation schemes to 

upgrade joint shear strength of non-seismically designed BCJs. Six shear deficient full-

scale exterior specimens were examined with two retrofit schemes. One of the proposed 

retrofit schemes applied one layer or two layers of bi-directional “U”-shaped glass FRP 

(GFRP) sheet with added cover plates and anchored through the joint. The other was 

diagonally warped with “X”-shaped GFRP around joint using steel angles to fix the 

GFRP sheets. Strengthened specimens were tested or retested with cyclic loading and 

constant axial load. By comparing experimental results of original and strengthened 

specimens, the strengthening scheme was capable of increasing joint shear resistance 

of deficit joint and improving ductility. Brittle failure was either delayed or changed to 

flexural failure in beam. 

Prota et al. (2004) proposed a solution to strengthen substandard BCJ by FRP laminates 

and NSW bars, aiming to move failure from columns to beams. Specimens with 

different strengthening layouts were examined. Shear strength of column was improved. 

However, ductility of strengthened specimens was limited due to brittle failure at joint. 

Mukherjee and Joshi (2005) wrapped L-shaped FRP sheets on beams and columns (as 

shown in Figure 2.9 (a)) or installed CFRP strips along top and bottom of beams (as 

shown in Figure 2.9 (b)) to strengthen the joints. Specimens were subjected to cyclic 

loading under constant axial force. Based on the experimental results, yield load, initial 

stiffness, and energy dissipation capacity were not only recovered by using FRP sheets, 

but also effectively improved. Specimens strengthened with CFRPs achieved higher 

stiffness than specimens strengthened with GFRPs. Generally, improvement on yield 
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strength and initial stiffness highly relied on the number of layers wrapping on beam or 

column. 

 
(a). Type A strengthening system—use of composite overlays 

 

 
(b). Type B strengthening system—use of precured carbon plate 

 
Figure 2.9 Strengthening layout (Mukherjee and Joshi, 2005) 

 

Kien et al. (2010) explored effective FRP strengthening layout to enhance joint shear 

strength and ductility of poorly detailed joints. A total of eight 1/3-scale exterior 

specimens were examined including six strengthened specimens with CFRP wrapping 

on joints in T-shape, L-shape or X-shape, as shown in Figure 2.10. Cyclic displacement 
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was applied to all specimens without considering axial load. Lateral strength was 

increased by 31.7%, and ductility was increased by 5.3 times as compared with control 

specimen. Failure modes were transferred from brittle failure in joint to flexural failure 

in beam. Performance of X-shape CFRP strengthened specimen showed higher 

improvement due to fibre direction closer to the direction of principal stress. L-shaped 

CFRP layout was inefficient in upgrading. It provided no improvement on strength nor 

ductility of non-seismically designed joint. 

    
(a) NS and SD (b) RNS-1 (c) RNS-2 (d) RNS-3 

   
(e) RNS-4 (f) RNS-5 (g) RNS-6 

   
Figure 2.10 Description of all test specimens (Kien et al., 2010) 

 

Yurdakul and Avsar (2015) improved the X-shape FRP strengthening strategy 

proposed by Ghobarah and Said (2002). As show in Figure 2.11(a), a full-scale BCJ 

with deficiency was repaired and strengthened with two layers of CFRP and additional 

FRP wrapping for anchorage. For comparison, a joint designed to Turkish Earthquake 

Code (2007) was strengthened with U-shaped and T-shaped FRP sheets on beam and 

column as shown in Figure 2.11(b). Strength, stiffness and energy dissipation of 

strengthened specimen were restored to corresponding capacities of the reference 

specimen. The applied retrofit layout was effective to repair damaged specimen. 

However, X-shape strengthened specimen failed to attain loading capacity of the 

reference specimen due to fracture of diagonal CFRPs. This was due to eccentricity 

causing uniform stress on FRP section and fracture of FRP sheets. 
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(a) E001-R (b) E021-R 
  

Figure 2.11 Schematic representations of CRFP repairing (Yurdakul and Avsar, 2015) 
 

Elsanadedy et al. (2021) proposed a hybrid strengthening scheme for BCJ using 

combined NSM steel rebars and FRP sheets to reduce risk of progressive collapse. It 

was examined on a half-scale single story structure with two bays, as shown in Figure 

2.12. Vertical dynamic load was applied on the middle column which was transferred 

to adjacent beams through shear. NSM steel rebars and FRP sheet were applied to 

upgrade flexural capacity of beam. Peak load of strengthened specimen was improved 

by about 16.9 times of control specimen and about 95% of monolithic specimen. 

Ductility and energy dissipation of strengthened specimen were lower than that of 

monolithic specimen, accounting about 51% and 53%, respectively. Unfortunately, 

enhancement on post-flexural action was limited due to brittle nature of FRP 

composites. 
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(a) Grooves along connection region 

 
(b) Affixing NSM steel rebars and filling up grooves with epoxy adhesive mortar 

 
(c) Installation of CFRP sheet 

 
Figure 2.12 Steps involve in strengthening of specimen (Elsanadedy et al., 2021) 

Joint enlargement 

2.3.4 Limitations of existing strengthening strategies 

Although seismic response of non-seismically designed BCJ can be upgraded by the 

above-mentioned repair and strengthening schemes, their applications are limited by 

architectural restrictions, fire safety issue, and/or complicated construction due to the 
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presence of floor members perpendicular to the joints. Other uncertainties are 

summarized as follows. 

Based on the above, epoxy injection is an effective technique to repair damaged 

concrete (ACI Committee 503, 1993; ACI Committee 224, 2007). However, this 

technique is not efficient to strengthen BCJs as evidenced by minor improvement on 

strength and stiffness, even adopting improved technique of vacuum impregnation. 

Further, epoxy injection is hindered by the space between transverse beams and floor. 

As a result, it is more suitable as a repair technique. As an alternative, epoxy injection 

as a bonding agency can be combined with other strengthening techniques to improve 

the seismic performance of BCJs (Li and Kai, 2010; Vatani-Oskouei, 2010). 

Notwithstanding the above, its application to buildings is still restricted by the need to 

provide sufficient fire protection. 

Jacketing technique is capable of increasing joint shear strength and energy dissipation. 

It shifts brittle failure to flexural failure. However, this technique is labor-intensive due 

to perforating the floor slab, drilling through beams, and sometimes in-site bending of 

additional joint shear reinforcements (Engindeniz et al., 2005). Besides, jacketing 

enlarges dimension of member sizes and reduces the usable space. It may increase 

overall mass and influence dynamic response. For instance, as reported by Bracci et al. 

(1995), there was a 120% increase in first mode of vibration. This may cause increased 

demands at unintended locations and requires careful re-analysis. 

Externally warped FRP on beams or columns is capable of increasing joint shear 

capacity and ductility. This overcomes the limitation increasing size of member. In 

practice, it is still challenging due to material costs, susceptibility to fires and 

ineffective bonding with concrete. 
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2.4  Strengthening strategy based on joint enlargement 

An alternative way to strengthened non-seismically designed BCJs, especially for joint 

without joint shear reinforcements, is to enlarging joint to increase effective joint area. 

Chaimahawan and Pimanmas (2009b) used rectangular or triangular planar expansion 

to strengthen BCJ. Their idea was modified by Sharbatdar et al. (2012) applied steel 

prop to transfer force to joint. Later, Li et al. (2015) further developed this strategy 

combing ferrocement jacket and chamfer to protect joint from shear failure. Similarly, 

hybrid composite connector combined with CFRP laminate were used to strengthen 

BCJ without joint shear reinforcement (Allam et al., 2019). Recently, steel expansions 

were also employed to joint expansion accompanied by post-tension bolts/bars 

(Maddah et al., 2020; Khodaei et al., 2021; Shafaei and Adibi, 2021). Strengthened 

specimens have shown improvement on strength, stiffness, energy dissipation, and joint 

shear capacity. Undesirable brittle failure mode is suppressed and relocating plastic 

hinge is possible. 

Sharbatdar et al. (2012) experimentally investigated behaviour of damaged reinforced 

concrete BCJ strengthened by using steel prop and curb as shown in Figure 2.13. Steel 

curbs serve as confinement of beam and column. Props transfer force to joint. Two half-

scale specimens were tested under cyclic loading and followed by retrofitting for further 

testing. As compared with the original specimens, peak horizontal force, stiffness 

degradation and energy dissipation were effectively improved by about 96%, 34% and 

250%, respectively. Plastic hinge was relocated to above the beam curb. Diagonal 

cracks within joint area were lessen. Based on the above, the proposed method is 

capable of strengthening damaged BCJ. 
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Figure 2.13 Schematic view of retrofitted BCJ 

 

Chaimahawan and Pimanmas (2009b) applied planer joint expansion to upgrade 

substandard BCJ by using cast in-site concrete and dowel bars. As shown in Figure 

2.14, the expansions can be installed in transverse and longitudinal directions and can 

be hidden in non-structural members without perforation in slab. This method was 

examined by subjecting two half-scale specimens strengthened with triangular and 

square expansions, respectively, to cyclic loading. To adhere new concrete to beam and 

column, 12 mm deformed bars were installed on each expansion. Details of 

strengthened specimens are shown in Figure 2.15(a) and (b). By comparing the 

experimental results, seismic response in terms of strength, stiffness and energy 

dissipation of strengthened specimens were improved and failure was changed from 

brittle shear failure to mixed shear failure and flexural failure in beam. Horizontal joint 

shear stress was significantly reduced due to reduction on strain of longitudinal 

reinforcements in beams. Performance of joints with triangular and square expansions 

are comparable to each other. 
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To reduce the shear force at column-joint interface another configuration of expansion 

was proposed (Chaimahawan and Pimanmas, 2010) as shown in Figure 2.15(c). Size of 

expansion on column was reduced to 200 mm. End of expansion was thickened by 50 

mm. From the experimental results, the thickened portion provided better confinement 

as compared with triangular expansion. As a results, triangular expansion is more 

effective to delayed spalling of concrete and suppressed bulging of longitudinal 

reinforcements in beams. 

Further, size of enlargement was experimentally studied (Pimanmas and Chaimahawan, 

2010). As shown in Figure 2.15(d), a specimen strengthened with 150 × 150 mm 

triangular expansions with 50 mm thickened in both directions was tested. Control 

specimen failed in joint shear failure. Strengthened specimens EJP1, EJP2, and EJP3 

failed with flexural in beam, whereas specimen EJP4 failed in concrete crushing within 

joint and enlarged area. Thus, size of expansion influences failure mode of strengthened 

joint ranging from brittle to ductile failure.  

 
Figure 2.14 Beam-column joint strengthened by planar joint enlargement (Pimanmas 

and Chaimahawan, 2010) 
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(a) EJP1 (b) Speceimn EJP2 

  
(c) EJP3 (d) EJP4 

  
Figure 2.15 Dimensions and expansion details of strengthened specimens (Pimanmas 

and Chaimahawan, 2010) 
 

Non-linear finite element analysis was performed to re-examine the overall response of 

strengthened specimens and to investigate load transfer mechanism of joint with 

expansions (Chaimahawan and Pimanmas, 2009a; Pimanmas and Chaimahawan, 2010). 

Two-dimensional shell element was adopted to simulate BCJ and expansions, and one-

dimensional discrete joint element was used to model deformation between beam or 

column to expansions. The model was verified with experimental results in terms of 

hysteretic loops, deformed shapes and failure modes. From the analysis, two 

mechanisms were identified including main diagonal strut in joint and inclined strut 

mechanism along edge of expansion. The size of expansion governed capacity of 

inclined strut and influenced failure mode of BCJ. The above applied equally to both 

interior and exterior joints. 
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Li et al. (2015) strengthened exterior BCJs with ferrocement jackets and chamfers. 

Effectiveness of this strengthening strategy was examined by conducting experiments 

on joints with ferrocement jackets with or without skeleton reinforcements and one or 

two chamfers, as shown in Figure 2.16. From the observation obtained from the 

experiments, plastic hinge was successfully relocated to beam. Due to contribution of 

chamfer, shear stress and distortion within the joint region were effectively reduced and 

restrained. There was no difference between performance of specimens with and 

without skeleton reinforcements, except on crack control. Peak strength and energy 

dissipation of specimen with two chamfers are slightly less than specimen strengthened 

with one. Performance on ductility of specimen with one chamfer is better than 

specimen with two chamfers. 

 
Figure 2.16 Strengthening schemes (Li, Lam, Cheng, et al., 2015) 

 

Allam et al. (2019) applied high-strength carbon/epoxy FRP composite laminates and 

a hybrid composite connector (HCC) to improve shear strength of BCJ lacking 

confinement. Specimens were loaded with both vertical load and cyclic loading. Figure 

2.17 shows the specimen (RS-SCC) strengthened with CFRP laminates and hybrid 

composite connectors. Failure mode of strengthened specimen was changed from brittle 
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failure to beam failure due to formation of plastic hinge away from column face. Shear 

strength of strengthened specimens was 2.5 times of control specimen. Energy 

dissipation of strengthened specimen was 4.6 times as compared with control specimen. 

Also, there was no crack, no severe damage, nor bond failure at connector or interface 

of connector. It was concluded that this hybrid connector can be successfully applied 

to construct pre-cast concrete BCJs, as well as repairing damaged BCJ. 

 
Figure 2.17 Retrofitted specimen (RS-SCC) with CFRP laminates and hybrid 

composite connectors (Allam et al., 2019) 
 

Maddah et al. (2020) employed steel angle to expand joint area, prevented column 

failure by post-tensioned bolts. It was aimed to avoid joint shear failure and to promote 

plastic hinge in beam. Based on capacity design concept, dimension of expansion was 

designed to be larger than width or depth of column and beam. This also helped to 

install bolts without drilling through beam or column, as illustrated in Figure 2.18. Four 

half-scale exterior specimens with transverse beam and slab representing a frame 

structure were tested under cyclic loading. Performance of three-dimensional exterior 
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specimen was restored and improved by steel angel and post-tensioned bolts, in respect 

of strength and energy dissipation. Brittle shear failure was alleviated via plastic hinge 

formation in beam. 

 

 
Figure 2.18 Joint retrofit method by using angle and post-tensioned bolts(Maddah et 

al., 2020) 

2.5  Summary 

This chapter reviews the performance of non-seismically designed BCJs, provisions of 

current seismic code on joint shear strength, strut-and-tie model and various 

strengthening strategies. Most of the strengthening schemes developed thus far have 

limited applicability due to poor fire resistance, brittle material properties and 

architectural restrictions. Thus, it is necessary to develop a reliable, cost-effective, and 

applicable strengthening methods. Also, it is needed to consider other types of BCJ, 

such as BCJ with eccentricity. Based on the review, the following research gaps have 

been identified: 
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1. Present strengthening methods may not be applicable to strengthen BCJ in 

limited space with no adverse change to building plans and in buildings with 

stringent requirement on fire resistance. 

2. Enlargement on joint area, such as installing chamfer, can effectively improve 

the seismic response of non-seismically BCJ. This poses a practical strategy to 

upgrade old reinforced concrete structures. 

3. The above requires detailed study both experimentally and numerically. 
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CHAPTER 3 PRELIMINARY STUDY ON NON-

SEISMICALLY DESIGNED BEAM-COLUMN JOINTS 

STRENGTHENED WITH CHAMFERS 

In an earlier study, a survey on government buildings was conducted. This forms a class 

of buildings of in-situ low-rise reinforced concrete structures with building height 

ranging from three to six stories. Typical BCJs of these buildings were analyzed to 

select a representable interior BCJ for the preliminary study. A practical strengthening 

strategy of BCJ was proposed without alteration to the building plan. In this chapter, 

the preliminary study was conducted to investigate structural behaviour of strengthened 

joints. 

3.1  Background and selection of typical beam-column joint 

A studied has been conducted on evaluating seismic performance of existing 

government buildings in Hong Kong by Architectural Services Department (ArchSD). 

It has been demonstrated that shear capacity of BCJs can be reduced by up to 25% 

without joint shear reinforcements (Leung et al., 2016). To identify a typical non-

seismically designed BCJ in low-rise building, an interior BCJ P9 at the first floor of 

Trauma and Emergency Centre (TEC) was selected (is identified as TCB in the study 

by ArchSD). Criteria of selection include joint shear stress greater than joint shear 

capacity and geometries typical to this class of buildings. As shown in Figure 3.1, 

lateral load resisting system is contributed by a combination of beam-column frames 

and shear walls in proportional to relative stiffness. Figure 3.2 shows the first-floor 

framing plan and the corresponding reinforcement details of BCJ P9. 



 

71 

Figure 3.3 shows geometry and detailing of the as-built BCJ P9. In consideration of 

geometric limitation (beam span and column height) and loading capacity of the multi-

purpose testing system implemented in the preliminary study, a scale factor of 2/3 is 

applied with minor adjustment on dimensions and reinforcement details. 

 
Figure 3.1 3D computer model of TEC building 

 

 

 

(a) Framing plan (b) Column reinforcements 
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(c) Beam reinforcements 

 
Figure 3.2 First floor framing plan and reinforcement details of BCJ P9 

 

 
Figure 3.3 Geometry of as-built BCJ P9 (unit:mm) 

3.2  Strengthening strategy  

The proposed strengthening strategy is by installing unsymmetrical chamfers on the 

soffit of beams as shown in Figure 3.4. It has the advantages of minimum disruption to 

building layout and ease of construction. Firstly, chamfers can be concealed by false 

ceilings suspended from the floor slabs above and there is no alteration to the building 

plans. Secondly, there is no reinforcements joining chamfer to the beams and columns. 

Chamfers can be constructed easily within hours. As shown in Figure 3.5, dimension 
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of chamfers is designed based on the minimum dimension (LBC) of beam depth and 

column width. In this study LBC is equal to 300 mm and dimension of chamfer (LC) is 

taken either as 300 mm or 150 mm in the preliminary study. 

 
Figure 3.4 Illustration of chamfers installed in the structure 

 

 
Figure 3.5 Strengthening scheme for joins with unsymmetrical chamfer 
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3.2.1 Construction of specimens 

Preparation of specimens includes fabrication of reinforcement cage and casting 

concrete as shown in Figure 3.6. After demoulding and curing in air for 28 days, 

specimens are installed with chamfers. Taking strengthening of interior specimen with 

150 mm chamfers (specimen IJ-C150R) as an illustration, procedure of strengthening 

is listed as follows: 

1. Concrete cover of joint core area and 150 mm from adjacent beams and columns 

is removed. Surface of exposed concrete is roughened by an impact hammer as 

shown in Figure 3.7(a). 

2. R6 (6 mm diameter) U-bars are installed at spacing of 50 mm in chamfers and 

connected to beams and columns as shown in Figure 3.7(b). For specimen IJ-

300WR, there is no U-bars installed within chamfers. Bonding between chamfer 

and beam or column relies on bond stress between mortar and roughened concrete. 

3. Acrylic formwork is installed for mortar casting. Mortar is cast through the opening 

on top of framework as shown in Figure 3.7(c). Compaction is achieved by 

hammering the acrylic framework. In specimen IJ-C150R, concrete cover of upper 

column is also removed and re-casted as show in Figure 3.7(e). 

4. Acrylic formwork is dismantled 24 hours after casting. 
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Figure 3.6 Fabrication of BCJ specimens 

 

  
(a) Remove concrete cover (b) Install R6 U-bars 
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(c) Install acrylic formwork  (d) Cast mortar 

  

  
(e) Cast mortar on the cover of column (f) Strengthened specimen 

  
Figure 3.7 Installing chamfer with reinforcements (U-bars): specimen IJ-C150R 
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3.2.2 Specimen details 

Dimensions and reinforcement details of specimens are given in Figure 3.8. Columns 

are 2585 mm height with a cross section of 300 mm × 300 mm. Beams are 3100 mm 

long with a cross section of 275 mm × 400 mm. Deformed bars T20 and T25 with 

diameters of 20 mm and 25 mm are used as longitudinal reinforcements in beams and 

columns. Plain bars T8 and T6 with diameters of 8 mm and 6 mm are used as stirrups 

and reinforcements (U-bars) in chamfers, respectively. Joint shear reinforcements are 

not provided. Concrete cover is 25 mm to all reinforcements. 

Four interior specimens were prepared, including one control specimen IJ-NC, one 

specimen with 150 mm chamfers (IJ-C150R), two specimens strengthened with 300 

mm chamfers with and without reinforcements (IJ-C300R and IJ-C300WR, 

respectively). In the above, “IJ” represents interior joint, “Cxxx” is chamfer size xxx 

mm, “R” and “RW” stand for chamfer with and without reinforcements. 

Figure 3.9 shows detail of four interior specimens. As shown in Figure 3.9(a), control 

specimen IJ-NC represents a non-seismically designed interior BCJ without joint shear 

reinforcements. As shown in Figure 3.9(b) and Figure 3.9(c), strengthened specimens 

IJ-C150R and IJ-C300R were installed with 150 mm and 300 mm chamfers with R6 (6 

mm diameter) U-bars at 50 mm spacing inside the chamfers as reinforcements. 

Specimen IJ-C300WR was strengthened with 300 mm chamfers without 

reinforcements inside chamfer as shown in Figure 3.9(d). Effect of chamfer size can be 

compared between specimens IJ-C150R and IJ-C300R. Contribution of reinforcements 

inside chamfers can be evaluated by comparing specimens IJ-C300R and IJ-C300WR. 

Performance of all strengthened specimens is compared with control specimen to assess 

effectiveness of the proposed strengthened strategy. 
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Figure 3.8 Dimension and reinforcement details of specimens (unit: mm) 

 

  
(a) Specimen IJ-NC (b) Specimen IJ-C150R 

  

  
(c) Specimen IJ-C300R (d) Specimen IJ-C300WR 

 
Figure 3.9 Specimen details 
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3.3  Materials properties 

3.3.1 Concrete 

Table 3.1 summarizes mix proportion of concrete. Ready-mixed concrete with 150 mm 

slump was used. Table 3.2 summarizes mix proportion of mortar used to cast the 

chamfers. It achieved 210 mm slump. All specimens were air cured after demoulding. 

Compressive strength of each specimen was measured using 100 mm cubes at the date 

of testing (BS EN 12350-1, 2019). Table 3.3 summarizes strength of concrete and 

mortar, including compressive strength and flexural strength, which were measured at 

the date of testing. 

Table 3.1 Mix proportion of concrete (kg/m3) 
Water Cement 10mm 

aggregate 
Stone fine Superplasticizer 

220 400 840 810 3.78 
 

Table 3.2 Mix proportion of mortar (kg/m3) 
Cement Water Silica fume Sand Superplasticizer 

1 0.45 0.05 2.5 0.016 
 

Table 3.3 Strength of concrete and mortar (MPa) 
Specimen BCJ Chamfer 
 Compressive 

strength 
Compressive 

strength 
Flexural strength 

IJ-NC 53.2 -- -- 
IJ-C150R 65.9 44.8 6.8 
IJ-C300R 57.3 42.5 6.3 
IJ-C300WR 67.1 54.0 7.5 

3.3.2 Steel reinforcements 

Two types of steel bars were used in the fabrication of reinforcement cages. High yield 

deformed bars (symbolized by T) were used as longitudinal reinforcements in beams 
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and columns; while mild steel round bars (symbolized by R) were used as stirrups in 

beams and columns. Measured yield strength and ultimate strength of reinforcements 

are summarized in Table 3.4. 

Table 3.4 Measured strength of reinforcement (MPa) 
Description Reinforcement Yield strength  Ultimate strength  

High-yield deformed bars 
T25 557.1 662.6 
T20 586.0 684.6 

Mild steel bars 
R8 387.9 462.9 
R6 461.0 528.2 

3.4  Experimental program 

3.4.1 Test setup and instrumentations 

In the last few decades, numerous experimental studies were carried out to investigate 

seismic response of BCJ by applying cyclic loading (Chutarat and Aboutaha, 2003; Li 

et al., 2008; Said and Razak, 2016). Loading was introduced by applying force or 

displacement on the end of column or beam as shown in Figure 3.10. Cyclic loading 

applied at column end was generally displacement controlled with increasing story drift 

(Leon, 1990; Ashtiani et al., 2014; Alaee and Li, 2017). Cyclic loading applied at beam 

end was more complicated by applying force at the first several cycles and followed by 

applying displacement (Liu and Park, 1998; Chang et al., 2014). Behaviour of identical 

specimens subjected to these loading methods may be significantly different due to 

different boundary conditions (Park, 2002). Recent study by Yang et al. (2018) has 

demonstrated that applying cyclic loading at column end provides more realistic 

representation than that of applying loading at beam end. In this study, cyclic 

displacement applied on the end of column was adopted to represent seismic action. 
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(a) Loadin at column end (b) Loading at beam end 

  
Figure 3.10 Cyclic loading application (Yang et al., 2018) 

 

All specimens were tested on a multi-purpose testing system as shown in Figure 3.11. 

Bottom of the lower column was fixed on a hinge support and free to rotate. Beams 

were connected to the strong floor through two hinges one at each end to restrain the 

vertical displacement. Axial load and horizontal displacement were applied at upper 

column. These were provided by two actuators and monitored by two load cells and 

one linear variable differential transducer (LVDT). Strain gauges were installed on 

reinforcements close to joint and on the surface of concrete as shown in Figure 3.12. A 

pair of LVDTs was diagonally installed on joint area to monitor shear deformation. 

Four pairs of LVDTs were installed on the upper column to estimate the curvature. 
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Figure 3.11 Experimental setup of quasi-static test (unit: mm) 

 

 
Figure 3.12 Strain gauges of reinforcements (Specimen IJ-C150R) 
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3.4.2 Loadings 

All specimens were subjected to constant axial load. It was first applied on the upper 

column and kept constant throughout the test. Quasi-static cyclic displacement was 

introduced according to the loading protocol to represent seismic action. 

3.4.2.1 Axial load 

Axial load ratio n is determined through studying typical columns in low-rise buildings 

designed without seismic provisions and is defined by Equation (3.1). Here, N is the 

applied column axial load, Ag is gross area of the upper column, and fc is cylinder 

strength of concrete. For buildings designed without seismic provisions, loading 

capacity of a column Nuz can be expressed by Equation (3.2), according to  Hong Kong 

Concrete Code (Hong Kong Buildings Department, 2004). 

n= N Agfc⁄  Equation 3.1 

Nuz=0.45fcuAnc+0.87fyAsc Equation 3.2 

Where, Anc is the net cross-sectional area of column, Asc is the total area of longitudinal 

reinforcements, and fy is yield stress of longitudinal reinforcements.  

In Hong Kong, axial load ratio n generally ranges from 0.35 to 0.70 at working load on 

assumptions of heavily reinforced (Li, 2015). With reference to a survey carried out by 

Su and Man (2007) on vertical elements in Hong Kong, maximum axial load ratio for 

columns is 0.435 and 0.629 under working loading and ultimate limit state respectively. 

It is noticed that seismic action may increase the axial load ratio of a column under both 

working loading and ultimate limit state (Park and Mosalam, 2013a, 2013b). In this 

study, design axial load ratio N/0.45Agfcu is determined as 0.55, which generally accords 

to the axial load capacity of columns in low to medium rise buildings in Hong Kong. 
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Compressive strength of concrete fc is assumed to 0.8fcu. Thus, axial load ratio n of 

specimens is 0.25 (n=0.55×0.45=0.2475).  

3.4.2.2 Cyclic loading 

Horizontal force is applied to reach 75% of moment capacity of beam. Corresponding 

horizontal displacement is defined as Δ0.75. Yield displacement is ∆y=∆0.75/0.75 based 

on linear extrapolation. Afterwards, horizontal displacement is applied at increments of 

0.5∆y at pre-peak stage and ∆y at post-peak stage. Cyclic loading is repeated twice at 

each displacement increment. The test terminates when horizontal force is reduced to 

85% of peak value. Post-peak displacement at 85% peak value is regarded as the 

ultimate displacement. The loading protocol is shown in Figure 3.13. For safety reason, 

horizontal loading of some specimens had to be terminated before horizontal force 

reaching 85% of peak horizontal force. 

 
Figure 3.13 Loading portocol 
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3.5  Performance of specimens 

3.5.1 Failure mode 

3.5.1.1 Specimen IJ-NC 

Flexural cracks of specimen IJ-NC were first observed in the beams. Several vertical 

cracks were then appeared in the joint. Subsequently, diagonal cracks appeared in the 

joint at drift ratio of 0.82%. With progressive increase in drift ratio, more flexural 

cracks emerged on the beams and existing cracks propagated. Diagonal cracks 

intersected at the center of joint area. Only three cracks were observed on the lower 

column throughout the loading history. It was benefitted from the axial load applied on 

column, reducing tensile stress and suppressing cracks formed on columns. At peak 

horizontal force, diagonal cracks were fully developed in the joint area, as shown in 

Figure 3.14(a). Specimen IJ-NC failed by joint shear failure. Under cyclic displacement, 

repeated opening and closing of diagonal cracks on the joint area accelerated spalling 

of mortar cover at post-peak stage. 

3.5.1.2 Specimen IJ-C150R 

Figure 3.14(b) shows crack pattern of specimen IJ-C150R. The first flexural crack was 

formed at the bottom of beam. When drift ratio increased to 0.39%, cracks appeared at 

the junction of beam and chamfer. Cracks intruded into the joint and intersected at the 

center of joint area. When the specimen approached its peak horizontal force, mortar 

cover of upper column spalled off as illustrated in Figure 3.14(b). When drift ratio 

reached 2.17%, specimen IJ-C150R failed within the joint area followed by 

compression failure of upper column. 



 

86 

3.5.1.3 Specimen IJ-C300R 

Figure 3.14(c) shows crack pattern and failure mode of specimen IJ-C300R. Flexural 

cracks were first observed at the beam and at the corners of chamfers. With increasing 

drift ratio, flexural cracks increased and propagated towards the neutral axis. When the 

drift ratio reached 0.72%, diagonal cracks intersected with each other in the joint area. 

As the drift ratio increased, cracks at the corners of chamfers propagated and intersected 

with that in the joint. The specimen exhibited obvious failure of column and some 

deterioration of chamfers. Similar to specimen IJ-C300R, it failed by joint shear failure 

followed by compression failure of upper column when drift ratio reached 1.7%. 

3.5.1.4 Specimen IJ-C300WR 

Compared to specimen IJ-300R, cracks of specimen IJ-C300WR extended more rapidly 

in the chamfers due to the absence of U-bars in the chamfers. Further, relatively more 

numbers of cracks were observed. Cracks originated from the corner of chamfers and 

developed through the bottom of beams as shown in Figure 3.14(d). As the loading 

cycles accumulated, more flexural cracks were formed on the upper column. At peak 

horizontal force, spalling of mortar cover was observed at the upper column and cracks 

extended into the joint. 
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(a) Specimen IJ-NC (b) IJ-C150R 

  

  
(c) IJ-C300R (d) IJ-C300WR 

  
Figure 3.14 Crack patten of BCJ specimens after test 

3.5.2 Strain of reinforcements 

Figure 3.15 shows tensile strain of longitudinal reinforcements against horizontal 

displacement. Strain measurements were obtained from strain gauges installed on 

beams at the interfaces of beams and columns. When specimens were subjected to push 

(positive) loading, reinforcements on the top right-hand side and the bottom left hand-

side were under tension. With loading direction reversed, reinforcements on the top 

left-hand side and the right bottom-side were under tension. Strain increased rapidly at 
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the initial stage and were lesser than 2500με (yield strain) at peak horizontal force. It 

indicates that specimens failed without yielding of longitudinal reinforcements. It 

further proves that specimens failed in joint shear. Data of specimen IJ-NC on the top 

left-hand side is not available due to the failure of the strain gauges embedded in 

concrete. At post-peak stage, tensile strains further increased until end of test. Generally, 

tensile strains of bottom reinforcements were higher than that of top reinforcements as 

shown in Figure 3.15 (b) and Figure 3.15(d). Beneficial to contribution of chamfer, 

tensile strain of strengthened specimens was lower than that of control specimen. 

Tensile strain of reinforcements in specimen IJ-C300WR was larger than that in 

specimen IJ-C150R. This is probably due to cracks formed on the bottom of beams 

reducing the interaction between chamfers and beams.  
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(a) Strain of top reinforcement in push (positive) direction 

 

 
(b) Strain of bottom reinforcement in push (positive) direction  
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(c) Strain of top reinforcement in pull (negative) direction 

 

 
(d) Strain of bottom reinforcement in pull (negative) direction 

 
Figure 3.15 Tensile strain of longitudinal reinforcements in beams 
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3.5.3 Response of chamfers 

Response of chamfers was monitored by strain gauges installed on surface of chamfers 

and on U-bars. Strain gauges on the joint surface were arranged into two different 

setups. (a) Three strain gauges were placed at the centroid of chamfer forming a rosette 

at 0°, 45° and 90°; and (b) three strain gauges were installed parallel to the edge of 

chamfer with middle one at centroid of chamfer. 

3.5.3.1 Strain in chamfer  

Figures 3.16 to 3.18 plot strains of chamfers against horizontal forces of strengthened 

specimens IJ-C150R, IJ-C300R, and IJ-C300WR. The two chamfers of a strengthened 

specimen were under alternative compression and tension when subjected to cyclic 

displacements. As shown in Figure 3.16(a), strain measurements of CH085 and CH083 

(at the left-hand side chamfer) were under compression and tension, respectively, when 

specimen IJ-C150R was loaded in pull (negative) direction. On the contrary, when 

specimen IJ-C150R was loaded in push (negative) loading, strain measurements of 

CH086 and CH088 (at the right-hand side chamfer) were under compression and 

tension, respectively, as shown in Figure 3.16(b). Strains measurements of CH085 and 

CH086 were in compression, which are parallel to the edges of chamfers, whereas 

strains measurements of CH083 and CH088 were in tension, which are orthogonal to 

directions of CH085 and CH086, respectively. Similar response is reflected by strain 

measurements of specimen IJ-C300WR, in which strain gauges were installed in the 

same setup of specimen IJ-C150R as shown in Figure 3.17. Thus, principal 

compression is parallel to the edge of chamfer and principal tension is orthogonal to it. 
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In specimen IJ-C300R, each chamfer has three strain gauges installed parallel to the 

edge of chamfer. Thus, all strains measurements were all in compression or tension 

loaded under cyclic loading as shown in Figure 3.18. 
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(a) Chamfer in left (b) Chamfer in right 

  
Figure 3.16 Strain of specimen IJ-C150R in mortar 

 

  
(a) Chamfer in left (b) Chamfer in right 

  
Figure 3.17 Strain of specimen IJ-C300WR in mortar 

 

  
(a) Chamfer in left (b) Chamfer in right 

  
Figure 3.18 Strain of specimen IJ-C300R in mortar 

 

Figure 3.19 plots strain measurements of specimens IJ-C150R, IJ-C300R and IJ-

C300WR against equivalent peak horizontal forces at each displacement increment. 
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The measurements are from strain gauges located at the centroid aligned in parallel to 

the edges of chamfers. Equivalent peak horizontal force of each specimen is normalized 

using Equation (3.4). 

As shown in Figure 3.19, compressive strains in chamfers were higher than tensile 

strains, and increased rapidly with increasing horizontal displacement. Compressive 

strains were about 2000με for specimen IJ-C150R and about 800με for specimen IJ-

C300R and IJ-C300WR. Tensile strain of specimens was about 250με at the end of 

testing. This demonstrates that the main contribution of chamfers to load transfer 

mechanism is by compression. Chamfers of specimens IJ-C300R and IJ-C300WR 

suffered less compressive strains, and achieved higher peak horizontal force as 

compared with that of specimen IJ-C150R. This indicates that force transferred by 

chamfers increased with enlarged chamfer size. Although compressive strains of 

specimens IJ-C300R and IJ-C300WR were reduced, effective area in compression was 

increased by enlarged chamfer size contributing to load transfer mechanism. Peak 

horizontal force and compressive strains of specimens IJ-C300R and IJ-C300WR are 

similar showing that the contribution of U-bars is nominal. 
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(a) Chamfer in left 

 
(b) Chamfer in right 

 
Figure 3.19 Envelope of chamfer strain 
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3.5.3.2 Strain in U-bar 

Figure 3.20 and Figure 3.21 plot strain measurements of U-bars in vertical and 

horizontal directions within chamfers against equivalent peak horizontal forces of 

specimens IJ-C150R and IJ-C300R. Tensile strains of U-bars were high and 

compressive strains were low in both loading directions. Specimen IJ-C300R achieved 

higher equivalent peak horizontal force as compared with specimen IJ-C150R, whereas 

tensile strains of specimen IJ-C300R in vertical and horizontal directions were reduced. 

Similar performance is observed in compressive strain in chamfer as shown in Figure 

3.19. Thus, effective area for load transfer mechanism increases with enlarged chamfer. 

Although U-bars within chamfer sustained high tensile strain, equivalent peak 

horizontal force of specimens with (IJ-C300R) and without (IJ-C150WR) U-bars were 

similar. Thus, U-bars have nominal influence to peak horizontal force or strengthening. 

  
(a) Verical (b) Horizontal 

  
Figure 3.20 Strain in left-hand side chamfer 
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(a) Verical (b) Horizontal 

  
Figure 3.21 Strain in right-hand side chamfer 

3.6 Analysis on experimental results 

3.6.1 Hysteretic behaviour 

Hysteretic behaviour of specimens is represented by plotting horizontal force against 

horizontal displacement at tip of upper column as shown in Figure 3.22. Since constant 

axial load was applied throughout the loading procedure, P-Δ effect was induced to 

specimens. In general, it generated an additional moment. Horizontal force considering 

P-Δ (P) is calculated using Equation (3.3). With increasing horizontal displacement, P-

Δ effect deteriorates in the strength of specimens under cyclic loading (Paulay and 

Priestley, 1992). 

P=P$+ N∆
l

  Equation 3.3 

where, Po is the horizontal force without P-Δ effect; N is axial load; Δ is horizontal 

displacement; l is length of column. 
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(a). Specimen IJ-NC 

 

 
(b) Specimen IJ-C150R 

-100 -80 -60 -40 -20 0 20 40 60 80 100
-200

-150

-100

-50

0

50

100

150

200

H
or

iz
on

ta
l f

or
ce

 (k
N

)

Horizontal displacement (mm)

 IJ-NC
 P-D

-3 -2 -1 0 1 2 3

-150

-100

-50

0

50

100

150

Drift ratio (%)

-100 -80 -60 -40 -20 0 20 40 60 80 100
-200

-150

-100

-50

0

50

100

150

200

H
or

iz
on

ta
l f

or
ce

 (k
N

)

Horizontal displacement (mm)

 IJ-C150R
 P-D

-3 -2 -1 0 1 2 3

-150

-100

-50

0

50

100

150

Drift ratio (%)



 

99 

 
(c) Specimen IJ-C300R 

 

 
(d) Specimen IJ-C300WR 

 
Figure 3.22 Hysteretic behaviour of specimens  

-100 -80 -60 -40 -20 0 20 40 60 80 100
-200

-150

-100

-50

0

50

100

150

200

H
or

iz
on

ta
l f

or
ce

 (k
N

)

Horizontal displacement (mm)

 IJ-C300R
 P-D

-3 -2 -1 0 1 2 3

-150

-100

-50

0

50

100

150

Drift ratio (%)

-100 -80 -60 -40 -20 0 20 40 60 80 100
-250

-200

-150

-100

-50

0

50

100

150

200

250

H
or

iz
on

ta
l f

or
ce

 (k
N

)

Horizontal displacement (mm)

 IJ-C300WR
 P-D

-3 -2 -1 0 1 2 3

-250

-200

-150

-100

-50

0

50

100

150

200

250

Drift ratio (%)



 

100 

3.6.2 Envelop curve 

Envelop curves are plotted based on the maximum value of each displacement 

incremental in both directions taking P-Δ effect into consideration as shown in Figure 

3.23. Positive and negative values of horizontal forces and displacements are 

corresponding to push and pull loading directions, respectively. Considering the 

difference in concrete strength among specimens, horizontal forces are normalized with 

reference to compressive strength of control specimen IJ-NC using Equation (3.4). 

Pe=P×6fcu,IJ-NC fcu⁄  Equation 3.4 

Here, Pe is equivalent horizontal force, fcu and fcu,IJ-NC are compressive strength of 

concrete of strengthened specimens and control specimen IJ-NC. Peak horizontal force 

of control specimen, equivalent peak horizontal forces of strengthened specimens and 

corresponding improvements are summarized in Table 3.5. 

Equivalent peak horizontal forces of strengthened specimens are higher than that of 

control specimen IJ-NC in both push and pull directions. Averaged peak value of 

equivalent horizontal force of specimen IJ-C150R (LC/LBC ratio at 0.5) increases by 

26.72%. When ratio of LC/LBC is increased to 1.0 (i.e. LC = 300 mm), peak value of 

specimen IJ-C300R is increased by 35.31% as compared with that of control specimen 

and is 32.17% more than that of specimen IJ-C150R. Equivalent peak horizontal force 

of specimen IJ-C300WR is improved by about 45.92% and is even higher than that of 

specimen IJ-C300R. Strengthen BCJ without U-bars achieved compatible performance 

with that of BCJ strengthened with U-bars. U-bars within chamfers have marginal 

influence on peak horizontal force. Thus, chamfer size LC is the dominant factor 
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affecting performance of a strengthened BCJ and U-bars within chamfer is of nominal 

importance. 

All specimens suffered from stiffness degradation during cyclic loading induced by 

opening and closing of cracks. Peak horizontal forces of specimens IJ-C150R and IJ-

C300WR in push direction were higher than peak horizontal forces in pull direction. 

After peak horizontal force was achieved in one loading direction, stiffness of the 

specimen failed to be completely restored even though cracks were closed when loading 

direction reversed. As a result, same peak horizontal force cannot be reached in the 

other loading direction. 

 
Figure 3.23 Envelopes of hysteretic loops 
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Table 3.5 Peak values of equivalent horizontal force (kN) 
Specimen Peak force Displacement Average Improvement 

(%)  ←(+) (-)→ ←(+) ←(+)  
IJ-NC 120.10 121.65 42.80 48.55 120.88 -- 
IJ-C150R 136.00 170.55 45.00 56.50 153.28 26.72 
IJ-C300R 166.62 160.45 44.20 43.40 163.53 35.31 
IJ-C300WR 169.10 183.76 45.65 47.15 176.43 45.92 

3.6.3 Energy dissipation 

Figure 3.24 shows cumulative energy dissipation of each specimen against horizontal 

displacement. Energy dissipation at each cycle is calculated from each hysteretic loop 

as shown in Figure 3.22. Cumulative energy dissipation is computed by summating the 

energy dissipation in previous cycles. 

Energy dissipation is effectively improved by installing chamfers. At the same energy 

dissipation, horizontal displacements of specimens IJ-C150R, IJ-C300R, and IJ-

C300WR are smaller than that of control specimen. As demonstrated by comparing 

specimens IJ-C300WR and IJ-C150R (at about the same concrete strength), energy 

dissipation increases with increasing size of chamfer. This further proves that size of 

chamfer is the major aspect influencing the performance of a strengthened BCJ. 
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Figure 3.24 Cumulative energy dissipation for each specimen 
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Figure 3.25 shows variation of stiffness against maximum horizontal displacement at 

each hysteresis loop. Stiffness is defined as gradient of a line connecting the maximum 

value and the minimum value at each hysteretic loop. Ignoring the difference in 

concrete strength, initial stiffnesses of strengthened specimens was higher than that of 

control specimen. With increasing horizontal displacement, stiffnesses of all specimens 

degraded rapidly due to the development of cracks. When cracks within the joint were 

fully developed, rate of stiffness degradation became moderate. Stiffnesses of 

strengthened specimens increased due to response of chamfers. Thus, strengthened 

specimens maintained higher stiffness at post-peak stage as compared with that of 

control specimen. Stiffnesses of strengthened specimens were similar and merged to 

each other towards end of testing. 

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

En
er

gy
 (k

N
m

)

Horizontal displacement (mm)

 IJ-NC
 IJ-C150R
 IJ-C300R
 IJ-C300WR



 

104 

 
Figure 3.25 Stiffness degradation versus horizontal displacement 

3.6.5 Shear distortion 
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displacement obtained from diagonal LVDTs. 
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2ab (δ1-δ2) Equation 3.5 
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number of diagonal cracks were fully developed and shear distortion increased rapidly. 

Strengthened specimens exhibited smaller shear distortion compared to control 

specimen due to chamfer thereby enlarging the effective joint area to resist horizontal 

force. 

 
Figure 3.26 Shear distortion of joint region 
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1. Unsymmetrical chamfer installed on the soffit of beams can improve the seismic 

response of non-seismically designed BCJs in terms of peak horizontal force, 

energy dissipation, stiffness degradation and shear distortion. Joint shear failure 

can be suppressed due to increased peak horizontal force. 

2. Chamfer size is recognized as the major aspect influencing the overall behaviour 

of strengthened BCJs as compared with nominal improvement by installing U-bars 

within chamfers. With reference to control specimen IJ-NC, peak horizontal force 

is increased by about 30% by installing 300 mm chamfers and by about 14% by 

installing 150 mm chamfers. 

3. There is no obviously difference in performance between specimens strengthened 

by chamfer with or without reinforcements (U-bars). In practice, it is difficulty to 

construct chamfer with reinforcements (U-bars) as the existing floor slab may 

hinder the installation of U-bars to beams and column.  

4. As chamfers are subjected to high compressive strain and low tensile strain, 

chamfer’s main contribution to load transfer mechanism is in compression. This is 

further elaborated in Chapter 5. 

5. Load transfer mechanism of BCJ with chamfer relies on unsymmetrical chamfer 

under compression. Steel bracket or precast chamfer are equally applicable. 

Similarly, steel bracket or precast chamfer contribute to load transfer mechanism 

when they are under compression improving peak horizontal force. As connection 

between concrete and steel bracket has potential to fail under tensile cracks, 

holding down bolts are recommended to avoid possible falling of chamfers. 
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CHAPTER 4 EXPERIMENTAL INVESTIGATIONS ON 

NON-SEISMICALLY DESIGNED BEAM-COLUMN 

JOINTS STRENGTHENED WITH CHAMFERS 

Based on the experimental study on four interior specimens as per described in Chapter 

3, ability of the strengthening strategy to upgrade non-seismically designed BCJ has 

been demonstrated. Size of chamfer has been identified as the critical parameter 

influencing joint shear strength as compared with providing reinforcements to chamfer 

(U-bars). In this chapter, the strengthening strategy method is further explored by 

applying to different types of BCJs, not only interior and exterior joints, but also joints 

with eccentricity. Tests have been conducted on different types of strengthened BCJs 

and compared to control specimens and specimens with joint shear reinforcements 

designed to current concrete codes. 

4.1  Specimens and material properties 

Thirteen 2/3-scale specimens were prepared including four interior specimens, four 

interior specimens, and three interior and three exterior specimens with eccentricity. 

All specimens were subjected to cyclic horizontal displacements at constant axial force. 

Performance of specimens in terms of failure mode, strains of longitudinal 

reinforcements, and response of chamfer were studied. Also, hysteretic behaviour, 

envelop curve, energy dissipation, stiffness degradation, shear distortion, and joint 

shear force of each specimen were discussed. 
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4.1.1 Specimens 

Each set of specimens consists of one control specimen, one with joint shear 

reinforcements and one to two strengthened specimens as summarised in Table 4.1 

Control specimen IJ-NC was prepared and tested in the preliminary study (Chapter 3). 

In nomenclature of specimens, interior and exterior joints are represented by “IJ” and 

“EJ”, respectively. “NC” and “SP” stand for control specimen and joint with joints 

shear reinforcements, respectively. “NU” indicates joints with eccentricity. 

Details of each specimen are illustrated in Figure 4.1. Control specimen IJ-NC, EJ-NC, 

IJ-NU-NC, and EJ-NU-NC are provided for comparison with the performance of 

strengthening specimens. Specimens IJ-SP, EJ-SP, IJ-NU-SP, EJ-NU-SP were detailed 

to Hong Kong Concrete Code (Hong Kong Buildings Department, 2004). Two interior 

joints strengthened with 150 mm chamfers IJ-C150FM and IJ-C150FMN were 

prepared. These two specimens differed at the interface between beams or columns and 

chamfer. Before casting chamfers, surfaces of beam and column of specimen IJ-

C150FMN were roughened and non-roughened of specimen IJ-C150FM Two exterior 

joints strengthened with 200 mm chamfers were prepared. In specimen EJ-C200FMN, 

concrete cover adjacent to the chamfer was removed when casting the chamfers. In 

specimen EJ-C200FM(3), concrete cover within the joint area and 200 mm into beam 

and columns were also removed when casting the chamfer. This aims to improve the 

bonding between chamfer and BCJ as compared with specimen EJ-C200FMN. 

Besides, three interior and three exterior joints with eccentricity were prepared. In 

gravity load designed (GLD) frames, beams are long-span and columns can be heavily 

loaded. As a result, beam depth is adversely larger than column width. Further, column 

size may be reduced at the upper floor(s) to maximize the usable floor areas. This causes 
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eccentricity due to unequal column width. Studies by others are limited to eccentricity 

in beam depth (Mou et al., 2021), effect of column eccentricity to slender columns 

(Leite et al., 2012; Leite et al., 2013), centerline eccentricity of interior wide-beam 

column joint (Shin and LaFave, 2004; Li et al., 2009; Li et al., 2012), eccentricity effect 

of knee joint (Mogili et al., 2019), etc. 

Table 4.1 Description of specimens 

 
Equal column Unequal column 

Interior Exterior Interior Exterior 
[i] IJ-NC EJ-NC IJ-NU-NC EJ-NU-NC 
[ii] IJ-SP EJ-SP IJ-NU-SP EJ-NU-SP 
[iii] IJ-C150FM EJ-C200FM(3) IJ-NU-C150FM EJ-NU-C200FMN 

IJ-C150FMN EJ-C200FMN   
[i] Control specimen: non-seismically designed BCJs 
[ii] Specimen with joint shear reinforcements according to current code 
[iii] Strengthened specimens with 150mm-chamfer (interior) or 200mm-chamfer 
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(a) IJ-NC (b) IJ-SP (c) IJ-C150FM (d) IJ-C150FMN 

    
(e) EJ-NC (f) EJ-SP (g) EJ-C200FM(3) (h) EJ-C200FMN 

   

 

(i) IJ-NU-NC (j) IJ-NU-SP (k) IJ-NU-C150FMN 

   

 

(l) EJ-NU-NC (m) EJ-NU-SP (n) EJ-NU-C200FMN 
   

Figure 4.1 Detailing of specimens 
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Specimens without eccentricity have the same dimensions and reinforcement details as 

shown in Figure 4.2. Cross-section of columns in both interior and exterior specimens 

is 300 × 300 mm with overall length 2585 mm. Width and depth of beam are 275 mm 

and 400 mm, respectively. Length of beams in interior and exterior specimens are 3100 

mm and 1700 mm, respectively. Longitudinal reinforcements include 20 mm and 25 

mm deformed bars (T20 and T25). Transverse reinforcements are 8 mm plain bars (R8). 

Concrete cover is 25 mm to all reinforcements. 

Dimensions and reinforcement details of specimens with eccentricity are shown in 

Figure 4.3. Cross-section of upper column is 275 × 300 mm; whereas cross-section of 

lower column is 325 × 300 mm. Overall length of column is 2585 mm. Width and depth 

of beams are 275 mm and 400 mm, which are the same as joints with equal size of 

upper and lower columns. Length in interior and exterior specimens are 3100 mm and 

1700 mm, respectively. Longitudinal reinforcements of beam include 20 mm and 25 

mm deformed bars (T20 and T25). Three 25 mm deformed bars (T25) lie on the bottom 

of beam and two 25 mm deformed bars and one 20 mm deformed bar set on the top of 

beam. Longitudinal reinforcements of upper column have eight 20 mm deformed bars 

(8-T20). Lower column contains eight 20 mm deformed bars (8-T20) and three 25 mm 

(3-T25) deformed bar extending 800 mm into beam. Concrete cover is 25 mm to all 

reinforcements. 
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Figure 4.2 Dimension and reinforcements detailing of interior and exterior specimens 

 

 
Figure 4.3 Dimension and reinforcements detailing of interior and exterior specimens 

with eccentricity 
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4.1.2 Material properties 

All specimens were casted using ready mixed concrete designated as Grade 30 (C30). 

Compressive strengths of concrete were measured with 100 mm cubes to British 

standard BS EN 12350-1 (2019) one day before testing. The results are summarized in 

Table 4.2 and Table 4.3. All specimens were cured in air. After 28 days of curing, 

chamfers were installed on the soffit of beams. Mix proportion is summarized in Table 

4.4, including limestone powder, latex, steel fiber and polyethylene fiber in minute 

amount. Yield strength and ultimate strength of reinforcements were tested and the 

results are summarized in Table 4.5. 

Table 4.2 Compressive strength of specimens without eccentricity (MPa) 
Interior specimen Joint Chamfer Exterior specimen Joint Chamfer 
IJ-NC 53.2 -- EJ-NC 44.10 -- 
IJ-SP 38.7 -- EJ-SP 35.20 -- 
IJ-C150FM 65.9 44.8 EJ-C200FM(3) 33.20 39.20 
IJ-C150FMN 39.5 32.0 EJ-C200FMN 39.48 58.53 

 
Table 4.3 Compressive strengths of specimens with eccentricity (MPa) 

Interior specimen Joint Chamfer Exterior specimen Joint Chamfer 
IJ-NU-NC 40.93 -- Exterior 40.88 -- 
IJ-NU-SP 41.11 -- EJ-NU-NC 43.31 -- 
IJ-NU-C150FM 40.27 58.54 EJ-NU-SP 43.52 58.54 

 
Table 4.4 Mix proportion of mortar for chamfer 

cement silica fume fly ash sand water superplasticizer  
1 0.0071 0.357 0.714 0.468 0.007 

 
Table 4.5 Strength of reinforcements (MPa) 

Reinforcement T25 T20 R8 T6 
Yield strength 567 553 368 461 
Ultimate strength 645 699 436 528 

 
 

 



 

114 

4.1.3 Construction of specimens 

Construction of specimens strengthened with chamfers are without U-bars. BCJ is 

firstly prepared and cured in air for 28 days. In Figure 4.4, strengthening of specimen 

EJ-C200FMN is taken as an illustration. Procedures of installing chamfer without U-

bars are as follows. 

1. Concrete cover is firstly chipped off and cleaned by compressed air. Exposed 

concrete surfaces are dampened. Primer is applied to enhance bonding between 

chamfer and beam or column.  

2. Steel formwork is prepared for mortar casting and no U-bars is provided. Mortar 

is casted into steel formwork and compaction of mortar is achieved by hammering 

as shown in Figure 4.4(c). Formwork is lifted until the mortar is in contact with 

beam. Redundant mortar is extruded from the gap between formwork and beam as 

shown in Figure 4.4(d).  

3. Specimen is cured in air and demoulded after 7 days. In practice, it is recommended 

to install holding down bolts for avoiding possible falling of chamfers without U-

bars under repeated tension. 
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(a) Remove concrete cover (b) Apply primer 

  
(c) Cast mortar (d) Lift formwork 
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(e) Strengthened specimen 

 
Figure 4.4 Installing chamfer without reinforcements (U-bars): Specimen EJ-

C200FMN 

4.2 Experimental program 

4.2.1 Test setup and measurements 

Test setup of the experiments is shown in Figure 4.5. Boundary conditions are identical 

to that in the preliminary study as described in Section 3.4.1. One LVDT was installed 

on the tip of upper column and two LVDTs were installed diagonally on the joint area 

to monitor horizontal displacement and joint shear deformation, respectively. Strain 

gauges were installed on longitudinal reinforcements in beams and columns and surface 

of chamfer. As shown in Figure 4.6, strain gauges were placed at bottom of beams at 

three locations A, B and C at 150 mm spacing. Location A is at the interface of beam 

and column, and 150 mm from centre of column. Location B is 300 mm away from 

centre of column. Location C is 450 mm away from centre of column. Arrangements 
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of strain gauges on the surface of chamfer are the same as that of the specimens studied 

in Chapter 3. 

  
(a) Interior (b) Exterior 

  
Figure 4.5 Setup of experiments 

 

  
(a) Interior specimen (b) Exterior specimen 

  
Figure 4.6 Locations of strain gauges in longitudinal reinforcements 

4.2.2 Loadings  

Axial load ratio is 0.25 to all specimens. Constant axial force 0.25fcuAg was first applied 

on the upper column and then cyclic horizontal displacement was introduced. Loading 

protocol was determined using the same method described in Section 3.4.2. Each 
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increment was repeated twice. To eliminating the influence of loading process, 

specimens within each set followed the same loading protocol. For example, specimen 

IJ-NC, IJ-SP, IJ-C150FM and IJ-C150FMN followed the loading protocol determined 

according to the yield capacity of control specimen IJ-NC. 

4.3  Performance of specimens 

Performance of specimens strengthened with chamfers was studied and compared to 

that of the corresponding control specimens. Crack patterns were examined to identify 

the failure modes. Behaviour of beams and columns was assessed by strains of 

longitudinal reinforcements. Response of chamfer was investigated based on strain 

measurement.  

4.3.1 Interior joints 

4.3.1.1 Failure mode 

Axial loads (0.25fcuAg) were first applied to specimens IJ-NC, IJ-SP, IJ-C150FM and 

IJ-C150FMN at 1197.00 kN, 870.75 kN, 888.75 kN, and 1008.00 kN, respectively. In 

all specimens, flexural cracks and shear cracks were observed in beams and joints. 

Cracks increased in length and numbers with increasing horizontal displacement. 

Spacing between cracks was similar to all specimens. Cracks patterns of all specimens 

are shown in Figure 4.7. 

Specimen IJ-NC. Flexural cracks first appeared in beams. Shear cracks appeared in the 

joint at drift ratio of 0.67%. Specimen failed owing to shear failure in joint. At post-

peak stage, concrete spalled in the joint due to repeated opening and closing of shear 
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cracks under cyclic displacements. Axial compression restrained the development of 

cracks in column. Only three cracks were observed in the lower column. 

Specimen IJ-SP. Flexural cracks first appeared in beams and diagonal crack emerged 

in the joint at drift ratio of 0.54%. Due to lower compressive strength of concrete, more 

cracks were observed in the joint as compared with specimen IJ-NC. With development 

of diagonal cracks, joint finally failed in joint shear. At post-peak stage, there was 

spalling of concrete in the joint. 

Specimen IJ-C150FM. It started with the appearance of flexural cracks in beams. At 

drift ratio of 0.68%, shear cracks appeared in joint. At peak horizontal force, cracks 

were observed on the chamfers parallel to the compression chords and joint failed by 

joint shear failure. Only a few cracks were observed in the upper column. 

Specimen IJ-C150FMN. Performance of specimens IJ-C150FMN and IJ-C150FMN 

are similar. Cracks were firstly observed in beams at drift ratio of 0.28%. At drift ratio 

of 0.84%, first diagonal crack was observed in joint. With increasing horizontal 

displacement, diagonal cracks further developed until peak horizontal force was 

reached. At post-peak stage, several cracks emerged on the upper column and it failed 

within the joint. 

  
(a) IJ-NC (b) IJ-SP 
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(c) IJ-C150FM (d) IJ-C150FMN 

  
Figure 4.7 Failure mode of interior specimnes 

 

4.3.1.2 Strain of longitudinal reinforcements 

Figure 4.8 plots strain of longitudinal reinforcements against distance from center of 

column to location of strain gauges at different drift ratios. Behaviour of strengthened 

interior specimens is compared with specimen IJ-SP as experimental data is not 

available in specimen IJ-NC. Strain of longitudinal reinforcements increased with 

increasing horizontal displacement. In general, strains of strengthened specimen are 

higher than that of specimen IJ-SP, indicating strengthened specimens were able to 

transfer higher stress from beam to joint. As expected, strain decreases with distance 

from beam edge. At peak horizontal force, no yielding of longitudinal reinforcements 

was recorded in specimens. At post-peak stage, strains at these three locations increased 

and approached yielding. 
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Figure 4.8 Strain of longitudinal reinforcement in interior specimens 

4.3.1.3 Response of chamfer 

Figure 4.9 plots strains of chamfers of specimens IJ-C150FM and 150FMN against 

normalised horizontal force using Equation (4.1). Chamfers at the left-hand side was 

subjected to compression when specimen was loaded in pull (negative) direction as 

shown in Figure 4.9(a). At peak horizontal force, chamfers of specimens IJ-C150FM 

and IJ-150FMN achieved similar compressive strains at 1182 µe and 1229 µe, 

respectively. In the meantime, tensile strain in chamfer of specimen IJ-C150FM was 

about 200 µe. Unfortunately, data (CH055) of specimen IJ-C150FMN was not available 

due to failure of strain gauge. Response of chamfers at the right hand-side was similar 

to chamfers in the left-hand side as shown in Figure 4.9(b). Compressive strain of 

specimens IJ-C150FM and IJ-C150FMN increased to 881 µe and 1716 µe, respectively, 
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whereas tensile strains were about 500 µe. This suggests that the main contribution of 

chamfers to load transfer mechanism is in compression. 

 
(a) Chamfers in left 

 
(b) Chamfers in right 

Figure 4.9 Envelop of chamfer strain in interior specimens 
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4.3.2 Exterior joints 

4.3.2.1 Failure model 

Axial loads (0.25fcuAg) were first applied to specimens EJ-NC, EJ-SP, EJ-C200FM(3) 

and EJ-C200FMN at 992.25 kN, 792.00 kN, 888.75 kN, and 747.00 kN, respectively. 

Cracks were first observed in beams. With increasing horizontal displacement, flexural 

cracks extended to neutral axis and diagonal cracks emerged within joint area. The 

number of diagonal cracks further increased and intersected within joint area until peak 

horizontal force was reached. Generally, no new crack was observed at post-peak stage. 

Specimen EJ-NC. Flexural cracks were first observed at bottom of beam. Cracks in 

vertical direction emerged to joint and flexural cracks formed in top of beam. When 

drift ratio approaching 0.78%, diagonal cracks propagated within joint area. Width of 

cracks on beam further developed and additional flexural cracks propagated with 

increasing drift ratio. Shear cracks intersected at the center of joint and propagated to 

both upper column and lower column. At drift ratio of 1.38%, diagonal cracks were 

fully developed and peak horizontal force was reached. This indicated joint shear 

failure. At the post-peak stage, concrete spalling at joint was observed at drift ratio of 

2.48% (end of testing) due to repeated opening and closing of diagonal cracks as shown 

in Figure 4.10(a). 

Specimen EJ-SP. Crack pattern of specimen EJ-SP was similar to that of specimen EJ-

NC as shown in Figure 4.10(b). Flexural cracks first appeared in bottom of beam and 

then in top of beam. Subsequently, diagonal cracks appeared in the joint at drift ratio 

of 0.81%. Number of flexural cracks increased and further extended to neutral axis of 

beam. Diagonal cracks intersected at the center of joint and propagated to column. 

Benefited from joint shear reinforcements, number of diagonal cracks in specimen EJ-



 

124 

SP was lesser than that of control specimen. At draft ratio of 1.54%, peak horizontal 

force was achieved without yielding of joint shear reinforcements. 

Specimen EJ-C200FM(3). Figure 4.10(c) demonstrates crack pattern of specimen of 

EJ-C200FM(3), which is similar to that of specimen EJ-C200FMN. Flexural cracks 

were first observed in beam. When drift ratio approached to 0.53%, shear crack 

appeared within joint area. With progressive increasing displacement, diagonal cracks 

developed and propagated in joint. Peak horizontal force was achieved at drift ratio of 

1.32% and specimen failed in joint shear. Test was terminated at drift ratio of 2.74%. 

At post-peak stage, shear cracks extended to column and main reinforcements of upper 

column were exposed with spalling of concrete.  

Specimen EJ-C200FMN. Figure 4.10(d) shows crack pattern of specimen EJ-

C200FMN. When drift ratio approached 0.52%, a crack emerged at the intersection of 

beam and chamfer. With increasing drift ratio, crack extended horizontally at beam-

chamfer junction. Meanwhile diagonal cracks formed and propagated to the center of 

joint. At peak horizontal force (drift ratio of 1.43%), numerous cracks within the joint 

area crossed with each other. Finally, it failed by joint shear failure. At post-peak stage, 

shear cracks extended to column. Concrete of lower column adjacent to beam spalled 

off and exposed the main reinforcements. 
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(a) EJ-NC (b) EJ-SP 

  

  
(c) EJ-C200FM(3) (d) EJ-C200FMN 

  
Figure 4.10 Failure model exterior specimens 

4.3.2.2 Strains of longitudinal reinforcements 

Figure 4.11 shows variation of strain in longitudinal reinforcements of four exterior 

specimens. At the initial stage (0.54%), strains of all specimens were close to each other. 

Strains increased with increasing drift ratio. Generally, strains of longitudinal 
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reinforcements increased with reducing distance from column to strain gauges. There 

was no yielding of reinforcements at peak horizontal force. This also suggests joint 

shear failure. At the post-peak stage, increase in strain reduced and all reinforcements 

remained elastic. 

  

  
  

Figure 4.11 Strain of longitudinal reinforcements of exterior specimens 

4.3.2.3 Response of chamfer 

Figure 4.12 plots strains in chamfers of specimens EJ-C200FM(3) and EJ-C200FMN 

against normalised horizontal force. When specimen was loaded in push (positive) 

direction, chamfer was under compression. Compressive strain (CH038 and CH066) 

were 1097με and 527με for specimens EJ-C200FM(3) and EJ-C200FMN, respectively, 

and tensile strain in orthogonal direction (CH039 and CH067) was about 125με. 
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Figure 4.12 Compressive and tensile strain in chamfer of exterior specim 
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formation of vertical cracks was not obvious in the respective interior specimen with 

eccentricity. 

Specimen IJ-NU-NC. Initial cracks emerged at bottom of beams. At drift ratio of 0.91%, 

diagonal cracks formed within joint area. With increasing horizontal displacement, 

more cracks appeared on top and bottom of beams. When approaching peak horizontal 

force, diagonal cracks within joint area were fully developed. 

Specimen IJ-NU-SP. Specimen IJ-NU-SP also failed within the joint area. The first 

crack was formed on the bottom of beam when subjected to push direction at drift ratio 

of 0.45%. At drift ratio of 1.13%, diagonal cracks developed in the joint area. Number 

of flexural cracks in beam further increased and also flexural cracks formed in the upper 

column (different from the observation of control specimen). At peak horizontal force, 

diagonal cracks within joint area were fully developed. There were no additional cracks 

propagated in the post-peak stage. 

IJ-NU-C150FMN. Initial cracks emerged in beam at drift ratio of 0.45%. Diagonal 

cracks propagated within the joint area at drift ratio of 0.91%. Different from control 

specimen, flexural cracks also formed in column at incremental drift ratios. With 

progressive increase in drift ratio, diagonal cracks developed in number and length. At 

drift ratio of 1.82%, it failed by joint shear failure, and flexural cracks in beam and 

column were fully developed. Test terminated at drift ratio of 2.74% and upper column 

also failed. 

EJ-NU-NC. Cracks initiated in beam and quickly propagated into the joint. Diagonal 

cracks were observed within the joint and further developed into upper column. 

Horizontal force reduced when drift ratio was greater than 1.35%. Subsequently, no 

additional flexural cracks was developed in beam. The specimen failed at the joint. At 
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the end of testing (2.7% drift ratio), cracks were parallel to the main reinforcements of 

upper column, due to failure of column. 

EJ-NU-SP. First crack emerged at interface of beam to joint and flexural cracks 

developed at bottom of beam. Existing cracks propagated with increasing width and 

length at incremental horizontal displacement. At drift ratio of 1.13%, joint attained 

peak horizontal force with diagonal cracks fully developed. Further, diagonal cracks 

extended into upper and lower columns and no additional flexural cracks was formed 

in beam. Finally, specimen failed in joint shear failure. 

EJ-NU-C200FMN. Flexural cracks initiated in beam at drift ratio of 0.91%. Afterwards, 

several diagonal cracks were observed within the joint area. With increasing horizontal 

displacement, flexural cracks in beam extended to joint and diagonal cracks developed 

into column. Cracks between beam or column and chamfer were observed at pre-peak 

stage. Despite, integrity of chamfer was maintained throughout the testing. More cracks 

were formed within the joint area compared to control specimen and specimen with 

joints shear reinforcements. Specimen achieved peak horizontal force at drift ratio of 

1.58% and no further flexural cracks was formed in beam. 
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(a) IJ-NU-NC (d) EJ-NU-NC 

  

  
(b) IJ-NU-SP (e) EJ-NU-SP 
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(c) IJ-NU-C150FMN (f) EJ-NU-C200FMN 

  
Figure 4.13 Failure mode of specimens with eccentricity 

4.3.3.2 Strain of longitudinal reinforcements 

Strains of longitudinal reinforcements of specimens with eccentricity are shown in 

Figure 4.14. Tensile strains in strengthened specimen IJ-NU-C150FMN were higher 

than of control specimen IJ-NU-NC and specimen with joint shear reinforcements IJ-

NU-SP. This suggests that strengthened specimen would be able to sustain higher joint 

shear force. For strengthened specimen, strain of chamfer (at 150 mm) is lower than 

strain at the interface of beam and column (at 0 mm). There was no yielding of 

reinforcements at peak horizontal force. 
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(a) Interior specimens with eccentricity 

 

  

  
(b) Exterior specimens with eccentricity 

 
Figure 4.14 Strain of longitudinal reinforcements in specimens with eccentricity 
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direction. On the contrary, chamfer at the right-hand side was in compression when 

loaded in push (positive) direction. 

Chamfers in specimen IJ-NU-C150FMN achieved compressive strains of 1076με and 

tension strain of 54με when it was loaded in push direction, and compression strain of 

1284με and tension strain of 35με when it was loaded in pull direction. When chamfer 

of specimen EJ-NU-C200FMN was under compression, compressive strain was about 

1101με. 

Magnitude of compressive strains of both interior and exterior specimens are higher 

than that of under tension. As a result, chamfer contributes to load transfer mechanism 

when it is under compression. It can also be demonstrated by comparing the increase 

in peak horizontal force of exterior strengthened specimens. It increased only when 

chamfer was under compression. Peak horizontal force of interior specimen is improved 

in both loading directions due to chamfers being installed in both sides of the joint. 

Thus, one of the chamfers will be in compression no matter which direction horizontal 

force is applied. The above-mentioned load transfer mechanisms of interior and exterior 

joints with chamfers are also applicable to joints with eccentricity. 

  
Figure 4.15 Strain of specimen IJ-NU-C150FMN in mortar 
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Figure 4.16 Strain of specimen EJ-NU-C200FMN in mortar 

 

Figure 4.17 and Figure 4.18 plot the compressive strains of chamfers against ratio of 

dc/hchamfer. Here, dc is distance from edge of chamfer to strain gauges, hchamfer is height 

of chamfer. Strain within chamfer increased with increasing horizontal displacement. 

Compressive strains of strengthened specimens IJ-NU-C150FMN and EJ-NU-
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This indicates that strut has finite width within chamfer. 
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(a) Chamfer in left 

 

 
(b) Chamfer in right  

 
Figure 4.17 Variation of strain in chamfer of specimen IJ-NU-C150FMN 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-2000

-1600

-1200

-800

-400

0

St
ra

in
 o

f c
ha

m
fe

r (
µe

)

dc/hchamfer

 0.44%
 1.15%
 1.60%
 2.0%
 2.23%(Peak)
 2.72%

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-2000

-1600

-1200

-800

-400

0

Sr
ai

n 
of

 c
ha

m
fe

r (
µe

)

dc/hchamfer

 0.44%
 1.6%
 1.8%(Peak)
 2.0%
 2.32%
 2.72%



 

136 

 
Figure 4.18 Variation of strain in chamfer of specimen EJ-NU-C200FMN 

4.4  Experimental results and discussion 
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4.14, there is no yielding of longitudinal reinforcements. This further proves that the 

specimens failed in joint shear failure. 

4.4.1.1 Interior joints 

Figure 4.19 shows the hysteretic performance of interior specimens. Response of 

interior specimens in push and pull directions are similar due to symmetry. Control 

specimen IJ-NC achieved peak horizontal force at drift ratio of 1.65% and 1.87% in 

push and pull direction, respectively. Specimen IJ-SP reached peak horizontal force at 

2.25% and 1.74% in push and pull direction, respectively. Benefit from joint shear 

reinforcements, development of diagonal cracks within joint was restrained. 

Strengthened specimens IJ-C150FM and IJ-C150FMN attained peak horizontal force 

at 1.91% and 2.13%, respectively. 

  
(a) IJ-NC (b) IJ-SP 

  

  
(c) IJ-C150FM (d) IJ-C150FMN 

Figure 4.19 Hysteretic behaviour of interior specimens 
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4.4.1.2 Exterior joints 

Figure 4.20 shows hysteretic behaviour of exterior specimens. Different from interior 

specimens, horizontal force of exterior specimens in push direction was higher than 

horizontal force in pull direction. This became more obvious in strengthened specimens. 

Control specimen EJ-NC achieved peak horizontal force at drift ratio of 1.38%. Benefit 

from joint shear reinforcements, specimen EJ-SP reached peak horizontal force at 

higher drift ratio of 1.54% in push direction. Similar to control specimen, strengthened 

specimens EJ-C200FM(3) and EJ-C200FMN attained peak horizontal forces at drift 

ratio of 1.32% and 1.43% in push direction, respectively. 

  
(a) EJ-NC (b) EJ-SP 

  

  
(c) EJ-C200FM(3) (d) EJ-C200FMN 

  
Figure 4.20 Hysteretic behaviour of exterior specimens 
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4.4.1.3 Joints with eccentricity 

Figure 4.21 shows hysteretic behaviour of interior specimens with eccentricity. Interior 

specimens showed similar response in opposite loading directions. Control specimen 

IJ-NU-NC achieved peak horizontal forces in push and pull directions at drift ratio of 

1.78% and 1.95%, respectively. Specimen IJ-NU-SP reached peak horizontal force in 

pull direction at drift ratio of 1.88%. This is due to confinement of joint shear 

reinforcements. Strengthened specimen IJ-NU-C150FMN attained peak horizontal 

force at drift ratio of 1.82% in pull direction and it was higher than that in push direction. 

  
(a) IJ-NU-NC (b) IJ-NU-SP 

  

 
(c) IJ-NU-C150FMN 

 
Figure 4.21 Hysteretic behaviour of interior specimens with eccentricity 

 

Figure 4.22 shows hysteretic behaviour of exterior specimens with eccentricity. 

Different from the performance of interior specimens, hysteretic behaviour of exterior 
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specimens in push and pull directions is unsymmetrical. Also, eccentricity generated 

by different sizes of upper and lower columns induced opposite influence in push and 

pull loading directions. This intensified the discrepancy of peak horizontal forces in 

two directions, which is further discussed in Section 4.4.2. Control specimen EJ-NU-

NC achieved peak horizontal force in push direction at draft ratio of 2.31%. Peak 

horizontal force of specimen EJ-NU-SP was achieved in pull direction at drift ratio of 

1.20%. After strengthening, specimen reached peak horizontal force at drift ratio of 

1.04% in push direction. 

  
(a) EJ-NU-NC (b) EJ-NU-SP 

  

 
(c) EJ-NU-C200FMN 

 
Figure 4.22 Hysteretic behaviour of exterior specimens with eccentricity 
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4.4.2 Envelop curves 

Envelope curves are plotted by connecting maximum horizontal force at every 

horizontal displacement increment and the P-Δ effect is incorporated. Peak horizontal 

forces of all specimens in push and pull directions are summarized in Table 4.6. To 

eliminate influence of difference in compressive strength among specimens, peak 

horizontal forces of specimens are normalized in respective of control specimens using 

Equation (4.1). Equivalent peak horizontal force and corresponding improvement of 

specimens are summarised in Table 4.7. 

Pe=P6fcu,control fcu⁄  Equation 4.1 
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Table 4.6 Peak horizontal forces specimens 

Specimen Horizontal force(kN) Displacement (mm) 
 Push← →Pull Push← →Pull 
IJ-NC 120.10 121.65 42.80 48.55 
IJ-SP 130.08 126.69 58.45 45.35 
IJ-C150FM 145.90 147.99 61.15 49.70 
IJ-C150FMN 164.70 153.26 55.45 48.65 
EJ-NC 81.14 75.47 35.75 29.00 
EJ-SP 75.34 65.56 39.95 40.25 
EJ-C200FM(3) 94.62 76.34 34.42 38.28 
EJ-C200FMN 82.20 69.36 37.25 38.15 
IJ-NU-NC 121.08 123.46 47.46 49.72 
IJ-NU-SP 121.02 125.51 64.10 47.92 
IJ-NU-C150FMN 132.50 142.02 60.32 47.12 
EJ-NU-NC 76.74 70.53 35.54 28.82 
EJ-NU-SP 75.25 79.39 29.58 29.34 
EJ-NU-C200FMN 89.83 76.10 40.96 27.48 

 
Table 4.7 Equivalent peak horizontal forces of specimens 

Specimen Equivalent peak horizontal 
force (kN) 

Improvement (%) 

 Push← →Pull Push← →Pull 
IJ-NC -- -- -- -- 
IJ-SP 152.51 148.54 26.98 22.10 
IJ-C150FM 169.32 171.75 40.98 41.18 
IJ-C150FMN 179.47 167.01 49.43 37.29 
EJ-NC -- -- -- -- 
EJ-SP 84.33 73.38 3.92 -2.76 
EJ-C200FM(3) 99.97 80.66 23.21 6.88 
EJ-C200FMN 94.74 79.94 16.76 5.93 
IJ-NU-NC 121.08 123.46 -- -- 
IJ-NU-SP 120.76 125.23 -0.27 1.43 
IJ-NU-C150FMN 133.58 143.18 10.32 15.97 
EJ-NU-NC 76.74 70.53 -- -- 
EJ-NU-SP 73.11 77.13 -4.73 9.36 
EJ-NU-C200FMN 87.06 73.76 13.44 4.58 
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4.4.2.1 Interior joints 

Figure 4.23 shows envelop curves of four interior specimens. Response of peak 

horizontal force of interior specimens are similar in two loading directions. Increase in 

peak horizontal forces of strengthened specimens IJ-C150FM and IJ-C150FMN is 

about 41.08% and 43.36% respectively. Improvement of specimen IJ-SP is about 24.54% 

and is lower than that of strengthened specimens. 

 
Figure 4.23 Envelope curves of interior specimens 

4.4.2.2 Exterior joints 

Figure 4.24 shows envelop curves of four exterior specimens. Strengthened specimens 

EJ-C200FM(3) and EJ-C200FMN achieved higher peak horizontal force in push 

direction than that in pull direction. As compared with control specimen, improvement 

on equivalent peak horizontal force is about 17.76% and 23.21% for specimens EJ-

C200FM(3) and EJ-C200FMN, respectively. Vice versa, there is slightly improvement 

in pull direction for strengthened specimens. Thus, chamfer mainly contributes to joint 
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when it is under compression (Section 4.3). Although cracks formed at chamfer-joint 

interface, cracks were closed at opposite loading direction (under compression) and 

chamfer remained intact. Peak horizontal forces of specimen EJ-SP in push and pull 

directions were similar. Benefit from joint shear reinforcements, it suffered less 

deterioration at post-peak stage as compared with the other specimens. 

 
Figure 4.24 Envelope curves of exterior specimens 
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increasing about 16% compared to control specimen IJ-NU-NC. Improvement in peak 

horizontal force of strengthened exterior specimen EJ-NU-C200FMN is significant in 

push direction when the chamfer is under compression. While the improvement of that 
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also found in exterior specimens with uniform upper and lower column size due to 

chamfer’s main contribution is in compression. Specimen EJ-NU-SP attained peak 

horizontal force in pull direction leading to relative lower force in push direction. 

Improvements on interior and exterior specimens with joint shear reinforcements were 

limited. This indicates that joint shear reinforcements are not effective to upgrade BCJs 

undesirable beam to column ratio. 

 
Figure 4.25 Envelope curves of interior specimens with eccentricity 
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Figure 4.26 Envelop curves of exterior specimens with eccentricity 

 

Eccentricity is generated by difference in width of upper and lower columns thereby 

inducing an additional moment. Here, eccentricity is the distance between centerlines 

of upper column and lower column. As shown in Figure 4.27, additional moment is 

equal to Ne. Horizontal forces in push and pull directions are estimated using Equation 

(4.2) and Equation (4.3), respectively. 

Ppush=P- Ne l⁄  Equation 4.2 

Ppull=P+ Ne l⁄  Equation 4.3 

Here, P is horizontal force obtained from experiments incorporating P-∆ effect. Figure 

4.28 compares horizontal force with and without eccentricity. In push direction, 

horizontal force with eccentricity is higher than that of without eccentricity. Horizontal 

force with eccentricity in pull direction is lesser than that of without eccentricity. 
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interior specimen, eccentricity effect is not obvious as chamfers are provided in both 

sides of joint. For strengthening exterior joint, influence of eccentricity depends on 

loading direction. In the present case, peak horizontal force of exterior specimen was 

slightly reduced due to eccentricity effect. 

 
Figure 4.27 Additional moment generated by eccentricity 

 

e

Ne/l

Ne/l

e

Ne/l

Ne/l Push

e

Ne/l

Ne/l Pull

e

M=Ne

N

N

Push Pull



 

148 

  
(a) IJ-NU-C150FMN (b) EJ-NU-C200FMN 

  
Figure 4.28 Comparison of horizontal forces with and without eccentricity 

4.4.3 Energy dissipation 

Energy dissipation is calculated based on the area enclosed by each hysteretic loop. 

Accumulated energy dissipation is calculated by summing up the energy dissipation in 

consecutive loops. Figure 4.29(a)-(d) show the accumulated energy against horizontal 

displacement of all specimens. All specimens perform similarly before reaching peak 

horizontal force. Generally, accumulated energy dissipation increased rapidly with 

increasing horizontal displacement. With propagation and development of diagonal 

cracks, stiffness degrades greatly and ability of energy dissipation decreased 

significantly. 

4.4.3.1 Interior joints 

Figure 4.29(a) shows energy dissipation of interior joint specimens. Energy dissipation 

of specimens with joint shear reinforcement and strengthened specimens are higher 

than that of control specimen throughout the loading procedure. Performance of all 

specimens is similar before reaching peak horizontal force. At the post-peak stage, 

energy dissipation of specimen IJ-NC is lesser as compared with strengthened 
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C150FMN is the highest and energy dissipation of IJ-C150FM is similar to specimen 

IJ-SP. It can be found that energy dissipation of non-seismically designed BCJ 

strengthened by chamfer is comparable to BCJ with joint shear reinforcements. 

4.4.3.2 Exterior 

As shown in Figure 4.29(b), energy dissipation of strengthened specimen EJ-

C200FM(3) is higher than that of control specimen EJ-NC. Energy dissipation of 

strengthened specimen EJ-C200FMN is close to specimen EJ-SP before reaching peak 

horizontal force. It suggests that similar energy dissipation can be generally achieved 

by strengthened specimens and specimen provided with joint shear reinforcements. 

Similar observation is also found from interior BCJ (Lam et al., 2019). Energy 

dissipation of specimen EJ-C200FMN was lower than that of control specimen due to 

an accidental over-shooting of displacement during testing at the post-peak stage. 

4.4.3.3 Joints with eccentricity 

Figure 4.29(c) and Figure 4.29(d) show energy dissipation of interior and exterior 

specimens with eccentricity. Energy dissipation of specimens IJ-NU-C150FM and EJ-

NU-C200FM are 70.39 kN∙m and 43.67 kN∙m, respectively, and are the highest among 

interior and exterior BCJs, respectively. At the post-peak stage, strengthened specimens 

IJ-NU-C150FMN and EJ-NU-C200FMN provide more energy dissipation due to 

enhanced stiffness. Interior specimen IJ-NU-SP shows lower energy dissipation as 

compared with control specimen IJ-NU-NC. For exterior specimen EJ-NU-SP, energy 

dissipation is higher than that of control specimen EJ-NU-NC but is still lower than 

strengthened specimen. This may indicate that, in the case of BCJ with undesirable 
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beam to column ratio, joint shear reinforcements provide limit contribution to seismic 

response. 

 

 
(a) Interior specimens 

 

 
(b) Exterior specimens 
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(c) Interior specimens with eccentricity 

 

 
(d) Exterior specimens with eccentricity 

 
Figure 4.29 Energy dissipation of specimens 
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4.4.4 Stiffness degradation 

Stiffness is estimated using the slope of a line passing through positive and negative 

peaks at each drift ratio. Common to all specimens, cracks emerged and propagated at 

successive cycles. Thus, horizontal displacements continued to increase with reducing 

horizontal force at the post-peak stage. Gradient of envelope curves decreases gradually 

and this suggests stiffness degradation. Figure 4.30(a)-(d) plots stiffness against 

horizontal displacement of all specimens. 

4.4.4.1 Interior 

Figure 4.30 (a) shows the behaviour of interior specimens. At the initial stage, initial 

stiffness of specimen IJ-C150FMN is higher than control specimen IJ-NC and 

specimen with joint shear reinforcements, as unsymmetrical chamfer enhances stiffness 

of joint. Also, initial stiffnesses of specimen IJ-C150FMN is higher than that of 

specimen IJ-C150FM. This is because compressive strength specimen IJ-C150FMN is 

higher. Generally, stiffness decreased rapidly with increasing horizontal displacement. 

At 0.76% drift ratio, stiffness of control specimen IJ-NC is lower than the other 

specimens, showing that strengthened specimens sustained higher horizontal force 

under the same deformation and they suppress BCJ from joint shear failure. Besides, 

stiffness of strengthened specimens is higher than of specimen IJ-SP indicating that 

chamfer is effective to upgrade non-seismically designed BCJ and the performance is 

comparable to joint with joint shear reinforcements. 

4.4.4.2 Exterior 

Figure 4.30(b) shows stiffness degradation of exterior specimens. Control specimen EJ-

NC achieved the highest initial stiffness because of its high compressive strength of 
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concrete. Initial stiffness of strengthened specimens EJ-C200FM and EJ-C200FM(3) 

are close to each other and higher than that of specimen EJ-SP due to chamfers. 

Stiffness degradation of all specimens slows down when drift ratio is beyond 0.76%. 

As joint shear reinforcements hindered development of diagonal cracks within the joint 

area, specimen EJ-SP maintained higher stiffness in the post-peak stage as compared 

with control specimen EJ-NC. Benefit from unsymmetrical chamfers, stiffness of 

strengthened specimens EJ-C200FMN and EJ-C200FM(3) performed similar to 

specimen with joint shear reinforcements. Stiffness of control specimen was the lowest 

at the post-peak stage. 

4.4.4.3 Joints with eccentricity 

Figure 4.30(c) and Figure 4.30(d) show stiffness variation of interior and exterior 

specimens with eccentricity, respectively. Initial stiffnesses of three interior joints were 

similar and they decreased quickly with propagation of cracks within the joint area. 

When reaching peak horizontal force, rate of degradation became moderate. In the post-

peak stage, stiffnesses of specimen IJ-NU-NC and specimen IJ-NU-SP were similar. 

Stiffness of strengthened specimen IJ-UN-C150FM was higher than two non-

strengthened specimens. Strengthened specimen IJ-NU-C150FMN maintained higher 

stiffness at the post-peak stage as compared with the control specimen. Similar 

phenomenon can also be found in exterior specimens. Performance of strengthened 

specimens was close to specimen EJ-NU-SP.  

Based on the above discussion, it can be concluded that stiffness degradation of non-

seismically designed BCJs can be improved by unsymmetrical chamfers to provide 

performance comparable to specimen with joint shear reinforcements. 
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(a) Interior specimens 

 

 
(b) Exterior specimens 
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(c) Interior specimens with eccentricity 

 

 
(d) Exterior specimens with eccentricity 

 
Figure 4.30 Stiffness degradation of specimens 
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4.4.5 Shear distortion 

Deformation of joints is monitored by two LVDTs installed diagonally on the joints as 

shown in Figure 4.5. Shea distortion is adopted to estimate the deformation of joint core 

and is calculated using Equation (3.5), as per discussed in Chapter 3. Figure 4.31(a)-(d) 

plots shear distortion against horizontal force of strengthened specimens and compares 

to control specimens. Shear deformation is nearly the same at the initial stage. With 

increasing horizontal displacement, crack within joint area propagated and further 

developed at post peak stage. 

4.4.5.1 Interior 

Figure 4.31(a) shows shear distortion of interior specimens. At the initial stage, shear 

distortion is similar for all specimens. With increasing horizontal displacement, shear 

cracks developed in the joints, resulting in large shear distortion in the post-peak stage. 

Benefited from joint shear reinforcements, specimen IJ-SP shows lesser distortion in 

the joint region as compared with control specimen IJ-NC. Strengthened specimens IJ-

C150FM and IJ-C150FMN exhibited high stiffness of joint in the pre-peak stage, which 

demonstrates that the strengthening method can effectively reduce distortion in the joint 

core. 

4.4.5.2  Exterior 

Figure 4.31(b) presents shear distortion of exterior BCJ specimens. At the initial stage, 

all specimens performed similarly. Diagonal cracks propagated and developed with 

increasing horizontal displacement leading to increased shear distortions. Shear 

deformations of strengthened specimens EJ-C200FM(3) and EJ-C200FMN are lesser 

as compared with control specimen EJ-NC in push direction. While they performed 
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similar with control specimen in pull direction. This is because chamfer contributes to 

the joint in push direction only. There was spalling of concrete in upper column at the 

post-peak stage. For safety reason, the experiment was terminated and at a displacement 

substantially less than the other specimens. Thus, shear distortion of specimen EJ-

C200FM(3) is limited. Benefit from joint shear reinforcements, specimen EJ-SP shows 

moderate shear distortion at the post-peak stage. 

4.4.5.3 Joints with eccentricity 

Figure 4.31(c) and Figure 4.31(d) show performance of interior and exterior specimens 

with eccentricity, which are similar to that of specimens with equal columns. Before 

reaching peak horizontal force, all specimens responded with similar shear distortions. 

With further increase in horizontal displacement, shear cracks propagated and 

intensified shear distortions. Shear distortions of strengthened interior and exterior 

joints are lesser as compared with corresponding control specimens. Benefit from joint 

shear reinforcements, not only interior but also exterior specimens with joint shear 

reinforcements suffer less shear deformation as compared with control specimens. 

Shear deformation of specimens with joint shear reinforcements are still larger than 

strengthened specimens. This suggests that joint shear reinforcements are not effective 

to upgrade non-seismically designed joints. 
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(a) Interior specimens 

 

 
(b) Exterior specimens 
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(c)Interior specimnes with eccentricity 

 

 
(d) Exterior specimens with eccentricity 

 
Figure 4.31 Shear distortion of specimens 

 

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-200

-150

-100

-50

0

50

100

150

200

H
or

iz
on

ta
l f

or
ce

 (k
N

)

Shear distortion (rad)

 IJ-NU-NC
 IJ-NU-SP
 IJ-NU-C150FMN

-0.04 -0.02 0.00 0.02 0.04
-100

-50

0

50

100

H
or

iz
on

ta
l f

or
ce

 (k
N

)

Shear distortion (rad)

 EJ-NU-NC
 EJ-NU-SP
 EJ-NU-C200FMN



 

160 

4.4.6 Joint shear force 

Generally, BCJs may be subjected considerable joint shear force under seismic load 

regardless of whether plastic hinges developed at column or beam. This may induce 

failure within joint area due to disruption of compressive strut, tension tie mechanisms 

or both. Figure 4.32 show the free-body diagrams of earthquake-induced forces acting 

on joints with and without chamfers, respectively. Horizontal joint shear force is 

estimated using Equation (4.4) and Equation (4.5) for interior and exterior joints, 

respectively. 

  
(a) Interior control specimen (b) Interior strengthened specimen 

  

  
(c) Exterior control specimen (d) Exterior strengthened specimen 

  
Figure 4.32 Forces and moments in a joint 
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Vjh=T+T'-Vc Equation 4.4 

Vjh=T-Vc Equation 4.5 

Where Vjh is the joint shear force; T and T’ are tensile forces resulting from the 

longitudinal reinforcements in beams; and Vc is horizontal force acting on the upper 

column.	Tensile forces in longitudinal reinforcements can be determined from actual 

moments at beam-to-joint interfaces under cyclic displacements. Moments at beam 

section across the joints are calculated by Equation (4.6) and Equation (4.7) for interior 

and exterior joints as follows. 

Mb=Vb
lb-hc

2 =
(Vclc+N∆)(lb-hc)

2lb
 Equation 4.6 

Mb=Vb(lb-
hc

2 )=
(Vclc+N∆)(lb- hc

2 )
lb

 Equation 4.7 

where lb and lc are the lengths of beam and column, respectively; and Δ is horizontal 

displacement. To eliminate the influence of difference in compression strength, joint 

shear force of specimens are normalized to control specimens by 6fcu,control fcu⁄ . The 

results are summarized in Table 4.8. 

Vjh=
(Vclc+N∆)(lb-hc)

lbjd
-Vc Equation 4.8 

Vjh=
(Vclc+N∆)(lb −

hc
2 )

lbjd
-Vc Equation 4.9 

Joint shear strengths of interior specimens in push and pull direction are similar. As 

compared with control specimen IJ-NC, joint shear force of strengthened specimens IJ-

C150FM and IJ-C150FMN increased by 32.64% and 38.09%, respectively. 

Improvement of specimen with joint shear reinforcement is lower than that of 
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strengthened specimens, increasing about 23.80% as compared with control specimen 

IJ-NC. 

Equivalent shear strengths of strengthened specimens EJ-C200FM(3) and EJ-

C200FMN are 623.71 kN and 591.61 kN in push direction in which chamfer is under 

compression. The improvement is about 23.35% and 16.05%, respectively. Increasing 

coverage of strengthening in specimen EJ-C200FMN(3) has no obvious difference to 

that of specimen EJ-C200FMN. Joint shear strengths of specimen EJ-SP are 529.23 kN 

and 462.41 kN in push and pull direction, respectively, showing slightly improvement 

as compared with control specimen EJ-NC. 

Strengthened specimen IJ-NU-C150FM obtained joint shear strengths 884.74 kN and 

857.54 kN in two loading directions, an increase by about 13.13% compared to 

specimen IJ-NU-NC. Improvement by joint shear reinforcement is not significantly. 

For exterior strengthened specimen EJ-NU-C200FMN, joint shear force is improved 

by about 18.50%. Performance of specimen EJ-NU-SP is similar to control specimen 

EJ-NU-NC without significant improvement on joint shear force. It demonstrates that 

joint shear reinforcement is not effective to increase the shear capacity of joint with 

non-seismically designed BCJ. 

Benefit from enlarging the effective joint area by chamfer, more area serves as diagonal 

strut leading to increase in joint shear capacity. Based on the above, joint shear capacity 

can be effectively upgraded by unsymmetrical chamfers. Further, joint shear 

reinforcement is not effective to upgrade non-seismically designed BCJ. 
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Table 4.8 Joint shear forces of specimens 
Specimen Joint shear force 

(kN) 
Equivalent joint 
shear force(kN) 

Improvement (%) 

 Push← →Pull Push← →Pull Push← →Pull 
IJ-NC 754.07 766.18 -- -- -- -- 
IJ-SP 814.91 789.81 955.45 926.02 26.71 20.86 
IJ-C150FM 913.01 921.85 1059.58 1069.84 25.61 39.63 
IJ-C150FMN 1028.52 955.96 1120.81 1041.73 40.17 35.97 
EJ-NC 509.79 472.50 -- -- -- -- 
EJ-SP 472.82 413.12 529.23 462.41 3.81 -2.14 
EJ-C200FM(3) 590.28 479.83 623.71 507.00 22.35 7.30 
EJ-C200FMN 513.32 435.06 591.61 501.42 16.05 6.12 
IJ-NU-NC 768.91 785.08 -- -- -- -- 
IJ-NU-SP 774.06 797.26 827.19 727.75 0.45 1.33 
IJ-NU-C150FMN 844.08 899.29 884.74 857.54 10.67 15.48 
EJ-NU-NC 488.13 490.65 -- -- -- -- 
EJ-NU-SP 540.55 483.03 408.85 529.46 7.59 -4.36 
EJ-NU-C200FMN 573.01 475.15 461.36 544.83 13.77 -6.14 

 

Seismic codes, including ACI-ASCE Committee 352 (2002) , NZS 3101.1 (2006) and 

Eurocode 8 (2004), have provisions to analyse and design joint shear strength. 

Evaluation of joint shear strength is commonly based on the strut mechanism. 

According to ACI-ASCE Committee 352 (2002), nominal joint shear strength is 

specified by the joint shear strength factor γ, effective joint shear area, confinement 

offered by adjacent beams and type of joint. NZS 3101.1 (2006) limits joint shear stress 

to 0.2fc. Eurocode 8 (2004) further considers the normalized axial force in column for 

joint shear capacity. For exterior joint, the joint shear capacity is taken as 80% of joint 

shear capacity of interior joint in Eurocode 8. Ratios of equivalent shear strength (Vjh) to 

joint shear capacity estimated by different codes (Vn) are summarized in Table 4.9. 

Ratio (Vjh/Vn) of control specimen IJ-NC is less than 1.0 estimated by ACI-ASCE 

Committee 352 (2002) and Eurocode 8 (2004). After strengthening, ratios of Vjh/Vn for 

interior strengthened specimens IJ-C150FM and IJ-C150FMN increase to more than 
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1.0. Joint shear strength of specimen IJ-SP is close to joint shear capacity according to 

ACI-ASCE Committee 352 (2002) and Eurocode 8 (2004). The ratio (Vjh/Vn) of 

specimen IJ-NC estimated by NZS 3101.1 (2006) is 1.0 and ratios of specimen IJ-SP 

and strengthened specimens IJ-C150FM and IJ-C150FMN exceed 1.0. 

Both control specimen EJ-NC and strengthened specimens EJ-C200FM(3) and EJ-

C200FMN fail to meet the requirement of ACI-ASCE Committee 352 (2002) and 

Eurocode 8 (2004). Average improvement of two strengthened specimens are 20% and 

26% calculated to ACI-ASCE Committee 352 (2002) and Eurocode 8 (2004), 

respectively. From the estimation of NZS 3101.1 (2006), non-seismically designed 

BCJs can fulfil the requirement of joint shear strength after strengthening. 

Behaviour of control specimen IJ-NU-NC with ratio lesser than 1.0 cannot satisfy joint 

shear strength as per required by current codes. Common to ACI-ACSE 352, NZ3101.1 

and Eurocode 8, ratios (Vjh/Vn) of strengthened specimen IJ-NU-C150FMN are 

improved by 16% as compared with control specimen IJ-NC. Ratio (Vjh/Vn) of specimen 

IJ-NU-C150FMN is increased from 0.94 to 1.09 and from 0.88 to 1.02, calculated to  

ACI-ASCE Committee 352 (2002) and Eurocode 8 (2004), respectively. Shear strength 

of non-seismically designed BCJs may generally meet the seismic requirements after 

strengthening. According to NZS 3101.1 (2006), ratios of both control and strengthened 

specimens are higher than 1.0, indicating that joint shear strength may be overestimated 

for joint with undesirable ratio of beam to column. 

As compared with control specimen EJ-NC, ratios (Vjh/Vn) of strengthened specimen 

EJ-C200FMN increase by 14.10%, 9.76%, and 11.60% estimated by ACI-ASCE 

Committee 352 (2002), NZS 3101.1 (2006) and Eurocode 8 (2004), respectively. The 

ratios are lower than 1.0 even for strengthened joint. 
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Based on the above, ACI-ASCE Committee 352 (2002) is still applicable to non-

seismically designed BCJs without joint shear reinforcements, when applied to BCJs 

with undesirable ratio of beam to column or both. 

Table 4.9 Comparison of joint shear strength with codes 
Specimens ACI352 NZS3101 Eurocode8 
 Vn Vjh /Vn Vn Vjh /Vn Vn Vjh /Vn 
IJ-NC 934.05  0.82  756.50  1.01  1034.36  0.74  
IJ-SP 796.65  1.02  550.31  1.46  838.47  0.97  
IJ-C150FM 804.84  1.15  561.69  1.62  850.98  1.08  
IJ-C150FMN 857.14  1.20  637.06  1.59  928.88  1.11  
EJ-NC 637.81  0.80  627.10  0.80  919.10  0.69  
EJ-SP 569.83  0.83  500.54  0.93  781.39  0.76  
EJ-C200FM(3) 603.63  0.98  561.69  1.04  850.98  0.87  
EJ-C200FMN 553.40  0.93  472.10  1.07  747.07  0.86  
IJ-NU-NC 819.28  0.94  582.02  1.31  872.86  0.88  
IJ-NU-SP 821.08  0.95  584.58  1.32  875.57  0.89  
IJ-NU-C150FMN 812.65  1.09  572.64  1.52  862.84  1.02  
EJ-NU-NC 614.09  0.78  581.31  0.82  872.11  0.69  
EJ-NU-SP 632.07  0.79  615.87  0.80  907.87  0.68  
EJ-NU-C200FMN 633.60  0.89  618.85  0.90  910.87  0.77  

4.5  Summary 

A comprehensive study has been conducted on thirteen 2/3 scale BCJ specimens, 

including four interior joints, four exterior joints and six joints with eccentricity (three 

interior joints and three exterior joints). Each set of specimens consists of one control 

specimen, one specimen with joint shear reinforcements and one or two strengthened 

specimens. All specimens were tested under cyclic horizontal displacements and 

constant axial load until failure. Performance of strengthened specimens was studied in 

terms of failure mode, strain of longitudinal reinforcements and response of chamfer. 

Experimental results were investigated in terms of hysteretic behaviour, envelop curve, 

energy dissipation, stiffness degradation, shear distortion and joint shear strength. 
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Finally, joint shear strengths of strengthened specimens were compared with current 

seismic codes. The following conclusions can be drawn. 

1. By installing unsymmetrical chamfers to strengthened BCJ, joint shear strength can 

be effectively increased and joint shear failure can be suppressed. The 

strengthening strategy can strengthen the joint shear capacity of non-seismically 

designed BCJ to not lesser than that of a BCJ with nominal joint shear 

reinforcements. 

2. Joint shear capacity of exterior joints can be effectively improved when chamfer is 

under compression. There is no obvious improvement between two strengthened 

specimens EJ-C200FM and EJ-C2000FM(3) in respect on peak horizontal force 

and joint shear capacity. This indicates that strengthening beam and column areas 

to improve bonding behaviour cannot improve the peak horizontal force and joint 

shear capacity. 

3. Peak horizontal force and joint shear capacity of interior and exterior joints can be 

effectively improved by installing unsymmetrical chamfers. For exterior joints, the 

improvement is significantly in positive direction (chamfer in compression). The 

improvement of peak horizontal force in joint with shear reinforcement is limited 

in both positive and negative directions showing that joint shear reinforcement is 

not effective to upgrade non-seismic designed joints.  

4. Eccentricity generated by different sizes of upper and lower column has a positive 

influence on BCJ loading in push direction; and a negative influence on BCJ 

loading in negative direction.  
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5. Chamfer is subjected to high compressive strain and low tensile strain. Strain in 

chamfer decreases linearly with the ratio of hc/hchamfer showing that width of 

additional strut is associated with the size of chamfers. 
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CHAPTER 5 NUMERICAL STUDIES ON NON-

SEISMICALLY DESIGNED BEAM-COLUMN JOINTS 

STRENGTHENED WITH CHAMFERS 

Finite element analysis (FEA) is commonly applied to structural simulation, for 

instance to study the influence of various parameters to a structural member. In this 

chapter, response of BCJs with different chamfer sizes was studied by performing 

nonlinear finite element analysis using a commercial software ABAQUS (Version 

2017). Finite element models were verified through the experimental data. It includes 

interior and exterior joints and joints with eccentricity. Based on the verified models, 

parametric studies were carried out by varying the size of chamfer. 

5.1  Finite element modelling 

In the pre-processing stage of FEA, geometry, types of elements, material properties, 

boundary conditions, loadings are determined and applied to procedure of nonlinear 

analysis. Different behaviour is applied to representing compression and tension of 

concrete, as it is a non-homogeneous and anisotropic material. Non-linear behaviour of 

concrete is modeled by Concrete Damage Plasticity model. Monotonic loading is 

adopted to represent behaviour of BCJs subjected to cyclic loading. Convergency 

analysis has been conducted to determine suitable mesh size with reasonable accuracy. 

5.1.1 Element 

3D 8-node hexahedral element (C3D8) was adopted to model concrete. It has three 

degrees-of-freedom at each node in X, Y and Z directions. 3D 2-node truss element 

(T3D2) was used to model reinforcements. It has three degrees-of-freedom at each node 
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in X, Y and Z directions and resists axial force only. Reinforcement is embedded into 

concrete by assuming no slippage between the reinforcement and concrete. 

5.1.2 Material properties 

5.1.2.1 Concrete 

Nonlinear behaviour of concrete is adopted based on the constitutive model suggested 

by Mander et al. (1988), as shown in Figure 5.1. Linear elastic branch continues to 

stress level fco’, which is taken as 0.4fco’. Compressive stress fc of concrete under quasi-

static strain rate and monotonic loading is given by Equation (5.1). 

fc=
fco
' xr

r-1+xr Equation 5.1 

Where fco’, is compressive strength based on measured properties obtained from the 

experiments as per summarized in Table 4.2, and eco is the corresponding strain of 

concrete. x and r are calculated using Equation (5.2) and Equation (5.3), respectively. 

x=
εc

εco
 Equation 5.2 

r=
Ec

Ec-Esec
 Equation 5.3 

Where Ec is tangent modulus determined by 4700,fc, and Poisson’s ratio is 0.2, Esec 

is determined by fco’/ecc. 

As shown in Figure 5.1(b), linear elastic branch is assumed up to tensile strength of 

concrete σto, and softening branch with crack propagation is assumed to be linear 

(Belarbi and Hsu, 1994). 
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ft
' =0.33,fc Equation 5.4 

5.1.2.2 Steel reinforcement 

Behaviour of steel reinforcement is modeled by a typical bilinear stress-strain 

relationship as shown in Figure 5.2. Ultimate tensile strength of concrete is estimated 

using Equation (5.4) (Genikomsou and Polak, 2015). Elastic modulus of steel 

reinforcements is 200 GPa and Poisson’s ratio is 0.3. 

  
(a) Compression (b) Tension 

Figure 5.1 Stress-strain relationship of concrete 

 

 
Figure 5.2 Stress-strain relationship of steel 
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5.1.3 Boundary conditions 

As shown in Figure 5.3, boundary conditions of FE models are applied at the initial 

step according to boundary conditions applied to interior and exterior specimens in the 

testing. Beam ends are restrained in vertical direction only. Lower column is restrained 

translationally and free to rotate to represent flexural point in a frame. 

  
(a) Interior (b) Exterior 

Figure 5.3 Boundary conditions 

5.1.4 Loading 

Axial force is applied in the first step at the tip of upper column. Monotonic loading 

was introduced at the second step. This provides estimation on the load displacement 

curve derived based on hysteresis loops of testing. An example is given in Figure 5.4. 

In nonlinear analysis, it is common to apply monotonic loading to predict the response 

under cyclic loading (Najafgholipour et al., 2017) i.e envelop curve. It is also 

recommended by FEMA-365 (2000) that even though cyclic loading is the customary 

protocol in testing, nonlinear static “pushover” analysis is the predominant nonlinear 

approach. Study by (Gatto and Uang, 2003) has shown that envelop of reversed cyclic 

loading matches that of monotonic loading under moderate drift ratio (3.5% drift ratio). 

Beam boundary conditions  

U1=U3=0, UR2=UR3=0 

Boundary conditions  

U1=0, UR2=UR3=0 

Boundary conditions  

U1=U2=U3=0, 

UR2=UR3=0 
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Figure 5.4 Backbone curve for experimental data (ASCE41-13, 2006) 

5.1.5 Mesh size 

To determine the suitable mesh size for FEA, convergence analysis was performed. FE 

model with mesh size ranging from 50 mm to 20 mm were examined as shown in Figure 

5.5. Number of elements of each model is summarized in Table 5.1. Load displacement 

curves of different mesh sizes are shown in Figure 5.6(a) and Figure 5.6(b) for interior 

and exterior joints, respectively. Peak horizontal force, corresponding displacement and 

ultimate horizontal force at ±100 mm displacement is summarized in Table 5.2 and 

Table 5.3 for interior and exterior specimens, respectively. 

Generally, load displacement relationship of all mesh sizes is similar. Response of both 

loading directions of interior BCJs is similar. Horizontal force of exterior BCJs in push 

direction is larger than that in pull direction. Peak horizontal force and ultimate 

horizontal force reduce with increasing number of elements for both interior and 

exterior specimens. Predictions of averaged peak horizontal force and ultimate 

horizontal force of interior joint with mesh size of 25×25 mm is 136.71 kN and 120.12 

kN. They are close to the prediction by mesh size of 20×20 mm. Prediction on peak 
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horizontal force of exterior joint with mesh size of 25×25 mm is 71.47 kN and 48.25 

kN in push and pull direction, respectively, with discrepancy less than 1% as compared 

with prediction of mesh size of 20×20 mm. Thus, a mesh size of 25×25 mm is adopted 

for both interior and exterior joints modelling. 

  
50×50 mm 20×20 mm 

  

  
50×50 mm 20×20 mm 

  
Figure 5.5 Mesh of BCJs 
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(a) Interior BCJs 

 

 
(b) Exterior BCJs 

 
Figure 5.6 Convergency analysis of BCJs 
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Table 5.1 Number of elements of different mesh sizes 
Mesh Size 

(mm) 
Number of elements 

Interior Exterior 
50×50 6332 4769 
40×40 9206 6983 
30×30 23078 17213 
25×25 37172 27503 
20×20 68958 50617 

 
Table 5.2 Convergence results of interior BCJs 

Mesh size 
(mm) 

Peak horizontal force 
(kN) 

Displacement 
(mm) 

Ultimate horizontal 
force (kN) 

 ←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
50×50 124.37 -124.35 46.39 -46.39 101.91 -101.91 
40×40 124.45 -124.44 44.22 -44.22 102.21 -102.19 
30×30 129.31 -129.27 51.87 -51.88 109.16 -109.18 
25×25 136.74 -136.67 49.12 -49.12 120.12 -120.12 
20×20 140.71 -140.70 57.38 -57.38 127.39 -127.38 

 
Table 5.3 Convergence results of exterior BCJs 

Mesh size 
(mm) 

Peak horizontal force 
(kN) 

Displacement 
(mm) 

Ultimate horizontal 
force (kN) 

 ←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
50×50 85.71 -55.71 51.68 -46.63 76.97 -50.13 
40×40 81.88 -52.70 47.22 -33.13 71.79 -44.18 
30×30 75.45 -50.11 35.46 -15.58 61.04 -36.33 
25×25 71.47 -48.58 32.96 -15.69 53.93 -32.44 
20×20 71.69 -48.60 30.70 -16.08 54.29 -32.14 

 

5.2  Verification of FE models 

The FE models were verified by simulating the experimental results of both control 

specimens (IJ-NC, EJ-NC, IJ-NU-NC and EJ-NU-NC) and strengthened specimens (IJ-

C150FM, IJ-C150FMN, EJ-C200FM(3), EJ-C200FMN, IJ-NU-C150FMN and EJ-

NU-C200FMN). Prediction on failure mode, strain of reinforcements, load 
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displacement curve, peak horizontal force and strain of chamfers are compared with 

observation and data obtained from the experiments. 

5.2.1 Failure mode 

Distributions of equivalent plastic strains of BCJs loaded in push and pull directions at 

peak horizontal force are shown in Figures 5.7 to 5.10. Here, equivalent plastic strain 

is a scalar. It represents inelastic deformation and accumulates with increasing applied 

load.  

Equivalent plastic strains of control specimens are mainly concentrated at the joint area 

and orthogonal to diagonal cracks, as shown in Figure 5.7(a), Figure 5.8(a), Figure 

5.9(a), and Figure 5.10(a). This indicates that failure mode is joint shear failure which 

is the same as the experimental observations (in Section 4.3). 

Equivalent plastic strains of interior strengthened specimens IJ-C150FM and IJ-

C150FMN exist not only within the joint areas but also in the chamfers (under 

compression), as shown in Figure 5.9(b) and Figure 5.9(c), respectively. In the 

meantime, the other chamfer was under tension and did not yield at peak horizontal 

force. This demonstrates that an additional compression zone was formed in chamfer. 

Yielding of exterior strengthened specimens EJ-C200FMN(3) and EJ-C200FMN were 

not only in the joint area but also at the edges of chamfers, as shown in Figure 5.10(b) 

and Figure 5.10(c), respectively. Responses of chamfers in exterior joints are similar to 

that of interior joints when both are under compression. When the loading direction was 

reversed, the chamfers were under tension without yielding at peak horizontal force. 

Again, chamfer’s contribution occurs when it is under compression. 
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(a) IJ-NC  

 

  
(b) IJ-C150FM 

 

  
(c) IJ-C150FMN 

 
Figure 5.7 Equivalent plastic strain at peak of interior BCJs 
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(a) EJ-NC 

 

  
(b) EJ-C200FM(3) 

 

  
(c) EJ-C200FMN 

 
Figure 5.8 Equivalent plastic strain at peak of exterior BCJs 
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(a) IJ-NU-NC 

 

  
(b) IJ-NU-C150FMN 

 
Figure 5.9 Equivalent plastic strain at peak of interior BCJs with eccentricity 

 

  
(a) EJ-NU-NC 
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(b) EJ-NU-C200FMN 

 
Figure 5.10 Equivalent plastic strain at peak of exterior BCJs with eccentricity 

5.2.2 Strain of longitudinal reinforcements 

Steel reinforcements sustain axial force only and Von mises yield criterion is adopted. 

To compare the stress transfer between beams and columns, maximum principal 

stressed at peak horizontal force in push direction are given in Figure 5.11 to Figure 

5.14. Maximum principal stresses of longitudinal reinforcements are smaller than yield 

strength as summarized in Table 4.5. It indicates that longitudinal reinforcements did 

not yield at peak horizontal force. This is in accord with the observation from the 

experiments. Structural performance of interior joints in push and pull directions are 

similar due to symmetry. For exterior joint, peak horizontal force is improved by 

chamfer under compression (in push direction). Thus, maximum principal stresses of 

BCJs are investigated in push direction as follow. 

Figure 5.11 shows maximum principal stress distribution of longitudinal 

reinforcements of interior specimens IJ-NC, IJ-C150FM and IJ-C150FMN. When 

interior BCJs are subjected to horizontal displacement in push direction, reinforcements 

on top right-hand side and bottom left-hand side of beams are under tension; 

reinforcements in right hand side of upper column and left-hand side of lower column 
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are under tension. These are perpendicular to the equivalent plastic strain. As shown in 

Figure. 5.7, a diagonal compressive strut is formed within the joint area. Figure 5.12 

shows maximum principal stress distribution of exterior specimens. When exterior 

BCJs are subjected to horizontal displacement in push loading, reinforcements in right 

hand side of beam and upper column are under tension. Performance of BCJs with 

eccentricity, as shown in Figure 5.13 and Figure 5.14, are similar to that of joints having 

equal columns. 

Based on the prediction of equivalent plastic strains of concrete and maximum principal 

stresses of reinforcements, it can be concluded that failure modes of interior, exterior 

BCJs, and joints with eccentricity are the same and are joint shear failure. Thus, FE 

predictions are compatible to the experimental observation. 

 
(a) IJ-NC 
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(b) IJ-C150FM (c) IJ-C150FMN 

  
Figure 5.11 Max principal stress distribution of interior BCJs 

 

 
(a) EJ-NC 

 

  
(b) EJ-C200FM(3) (c) EJ-C200FMN 

  
Figure 5.12 Max principal stress distribution of exterior BCJs 
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(a) IJ-NU-NC (b) IJ-NU-C150FMN 

  
Figure 5.13 Max principal stress distribution of interior BCJs with eccentricity 

 

  
(a) EJ-NU-NC (b) EJ-NU-C200FMN 

  
Figure 5.14 Max principal stress distribution of exterior BCJs with eccentricity 

5.2.3 Load displacement curve and peak horizontal force 

Load displacement curves of all joints are presented in Figure 5.15 showing horizontal 

force at tip of upper column against horizontal displacement. In general, predictions by 

FEA are in good agreement with the hysteretic loops obtained from the experiments 

including initial stiffness, peak horizontal force and descending branch. Table 5.4 

summarizes the peak horizontal force and corresponding displacement.  
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5.2.3.1 Load displacement curve 

In Figure 5.15, prediction of initial stiffness is close to that of hysteretic loops obtained 

from the experimental data for all specimens. With increasing horizontal displacement, 

discrepancy in stiffness emerged. This is due to the assumption of monotonic loading 

ignoring the adverse effect of opening and closing of cracks. As observed from the 

experiments, cracks propagated and developed at progressive increase in cyclic 

horizontal displacement. At the post-peak stage, there is a gradual degradation of 

horizontal force for which the gradient is similar to the experimental counterpart. 

Ultimate horizontal forces of most of the specimens are close to horizontal forces at the 

end of testing. 

Generally, FEA prediction is able to depict the character of both interior and exterior 

BCJs, which is peak horizontal force in push direction higher than that of in pull 

direction. Post-peak behaviour of specimens is well presented in the descent branches 

and with some of the predicted ultimate strengths close to the horizontal forces at the 

end of testing. 
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IJ-NU-NC IJ-NU-C150FMN 

  

  
EJ-NU-NC EJ-NU-C200FMN 

  
Figure 5.15 Prediction of load displacement curve of BCJs 

5.2.3.2 Peak horizontal force 

The averaged discrepancies between FEA and experimental results of interior BCJs are 

8.6% and 3.54% in push and pull direction respectively. Prediction of peak horizontal 

force of specimen IJ-NC agrees well with the experimental results in both loading 

directions, with discrepancy less than 1%. Predictions of peak horizontal forces of 

interior BCJs in two directions are similar due to symmetry. In the experiments, peak 

horizontal force in pull direction of strengthened specimens IJ-C150FM and IJ-

C150FMN are lower than that in push direction. This is because the specimen failed to 

restore fully after peak horizontal force was achieved (in push direction) by without 

closing of cracks in the reversed loading direction. Between FEA and experiment 

results, this discrepancy is more obvious in push direction than in pull direction. 
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The averaged discrepancies between prediction and experimental results of exterior 

BCJs are 3.83% and 8.57% in push and pull direction, respectively. Discrepancy of 

specimen EJ-C200FMN in pull direction is more than 10%. This is due to an 

uncontrolled increase in horizontal force in the experimental results as shown in Figure 

5.15, which may be induced by mechanical resistance at the hinge support of lower 

column. 

Table 5.4 Comparison of peak horizontal forces (kN) 
Joint type Specimens Experimental  Prediction of FEA  Error % 

←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
Interior  IJ-NC 99.30 -100.40 100.07 -100.06 0.78 -0.34 

IJ-C150FM 131.00 -125.00 116.29 -116.28 -11.23 -6.98 
IJ-C150FMN 143.20 -134.40 124.45 -124.44 -13.09 -7.41 

Exterior EJ-NC 67.50 -64.40 67.43 -68.75 -0.11 6.75 
EJ-C200FM(3) 82.45 -63.25 85.30 -60.01 3.46 -5.12 
EJ-C200FMN 71.50 -58.40 71.47 -48.58 -0.04 -16.82 

Joints with 
eccentricity 

IJ-NU-NC 106.00 -107.00 92.11 -107.93 -13.11 0.87 
IJ-NU-C150FMN 113.30 -126.90 107.85 -124.26 -4.81 -2.08 
EJ-NU-NC 60.20 -66.20 56.00 -71.54 -6.98 8.06 
EJ-NU-C200FMN 77.90 -64.40 71.51 -66.12 -8.20 2.67 

5.2.4 Strain of chamfers 

Figure 5.16 plots compressive strains of three locations against ratio of dco/hchamfer. 

These three locations are in accordance with strain gauges installed on chamfers as 

setup (b) mentioned in Section 3.5.3. Here, dco is the distance from edge of chamfer to 

different locations of compressive strain in FEA. Response of chamfers monitored by 

three strain gauges have been investigated in Section 3.5.3 and Section 4.3. Based on 

FEA, compressive strain increases with drift ratio until the ultimate stage and the strain 

is generally linearly reduced to increasing ratio of dco/hchamfer. These coincide with the 

conclusions obtained from the of experiments, suggesting that width of compressive 

zone in chamfer is limited.  
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(a) IJ-C150FM (d) EJ-C200FM(3) 

  
(b) IJ-C150FMN (e) EJ-C200FMN 

  
(c) IJ-NU-C150FMN (f) EJ-NU-C200FMN 

  
Figure 5.16 Strain variation of chamfers 

 

Based on the above discussion and comparison between experimental and numerical 

results, that the FE models are capable of simulating the performance of BCJs and is 

capable of capturing the mode of failure. 
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5.3  Parametric studies 

Based on the verified FE model, parametric studies have been conducted in terms of 

size of chamfer. For each type of joints, chamfers ranging from 0-450 mm at 50 mm 

increments were modelled implementing the same mesh size, the same boundary 

condition and same material properties. In total 40 FE models were developed as per 

summarised in Table 5.5. Variable in the parametric studies include type of BCJs and 

ratio of LC/LBC. Here, “LC” is the chamfer size and “LBC” is minimum dimension of 

beam or column. For example, IJ-NU-0.67 is an interior joint (“IJ”) with eccentricity 

(“NU”) strengthened with 200 mm chamfer (LC/LBC=200/300=0.67). 

Table 5.5 Parametric study of BCJs 
Interior Exterior Interior with eccentricity Exterior with eccentricity 
IJ-0.00 EJ-0.00 IJ-NU-0.00 EJ-NU-0.00 
IJ-0.17 EJ-0.17 IJ-NU-0.17 EJ-NU-0.17 
IJ-0.33 EJ-0.33 IJ-NU-0.33 EJ-NU-0.33 
IJ-0.50 EJ-0.50 IJ-NU-0.50 EJ-NU-0.50 
IJ-0.67 EJ-0.67 IJ-NU-0.67 EJ-NU-0.67 
IJ-0.83 EJ-0.83 IJ-NU-0.83 EJ-NU-0.83 
IJ-1.00 EJ-1.00 IJ-NU-1.00 EJ-NU-1.00 
IJ-1.17 EJ-1.17 IJ-NU-1.17 EJ-NU-1.17 
IJ-1.33 EJ-1.33 IJ-NU-1.33 EJ-NU-1.33 
IJ-1.50 EJ-1.50 IJ-NU-1.50 EJ-NU-1.50 

5.3.1 Numerical results and discussion 

In the parametric study, all strengthened joints display joint shear failure without 

yielding of longitudinal reinforcements in beams or columns. The results are 

compatible to that of control specimens. Peak horizontal forces of all BCJs in both 

loading directions are studied and compared with non-strengthened specimens. Joint 

shear strength is calculated using Equation (4.8) and Equation (4.9). Principal stress 
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distribution of interior BCJs is investigated in one direction only due to symmetry. For 

exterior BCJs, principal stress distributions are studied in both directions. 

5.3.1.1 Interior joints 

Improvements on peak horizontal force and joint shear strength of interior strengthened 

joints in push and pull directions are approximately the same as per summarised in 

Table 5.6 and Table 5.7. The improvement is more than 20% by applying 150 mm 

chamfers (ratio of LC/LBC is 0.5). Further increase in chamfer size to 450 mm, joint 

shear strength is significantly improved by more than 100%. 

Figure 5.17 shows principal stress distribution of interior BCJs with chamfers loaded 

in push direction. Right hand-side chamfer is under compression and left-hand side 

chamfer is under tension. As shown, diagonal strut is developed within the joint area, 

which is the main mechanism to resist horizontal shear force. With the additional strut 

in chamfer, load transfer mechanism of BCJ is modified. As such, width of diagonal 

strut is non-uniform and is getting larger from upper column to lower column. With 

increasing chamfer size, the diagonal strut is trapezoid and expanded to improve joint 

shear capacity. This is further explained in Chapter 6. 

  



 

191 

Table 5.6 Peak horizontal forces of interior BCJs in parametric studies 
Specimen Peak horizontal force Displacement (mm) Improvement (%) 
 ←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
IJ-0.00(0) 99.02 -99.02 43.47 -43.47 -- -- 
IJ-0.16(50) 105.08 -105.07 44.49 -44.49 6.12 6.11 
IJ-0.33(100) 113.74 -113.74 47.10 -47.10 14.87 14.87 
IJ-0.50(150) 124.13 -124.13 48.06 -48.06 25.36 25.36 
IJ-0.67(200) 139.55 -139.59 49.34 -51.50 40.93 40.97 
IJ-0.83(250) 152.56 -152.56 55.11 -55.11 54.06 54.07 
IJ-1.00(300) 171.08 -171.08 58.54 -58.54 72.77 72.77 
IJ-1.16(350) 185.21 -185.21 54.79 -54.79 87.04 87.04 
IJ-1.33(400) 203.08 -203.08 57.51 -57.51 105.08 105.08 
IJ-1.50(450) 218.13 -218.12 60.34 -60.34 120.29 120.27 

 
Table 5.7 Joint shear strengths of interior BCJs in parametric studies 

Specimen Joint shear strength (kN) Improvement (%) 
←(+) (-)→ ←(+) (-)→ 

IJ-0.00(0) 738.24 -738.23 -- -- 
IJ-0.16(50) 778.81 -778.74 5.50 5.49 
IJ-0.33(100) 840.05 -840.05 13.79 13.79 
IJ-0.50(150) 907.43 -907.44 22.92 22.92 
IJ-0.67(200) 1007.01 -1013.32 36.41 37.26 
IJ-0.83(250) 1104.13 -1104.13 49.56 49.56 
IJ-1.00(300) 1229.08 -1229.09 66.49 66.49 
IJ-1.16(350) 1306.51 -1306.51 76.98 76.98 
IJ-1.33(400) 1425.35 -1425.34 93.07 93.07 
IJ-1.50(450) 1527.04 -1526.95 106.85 106.84 
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IJ-0.17 IJ-0.33 IJ-0.50 
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IJ-1.33 IJ-1.50 IJ-1.33 

 
Figure 5.17 Principal stress of interior BCJs in positive direction 
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5.3.1.2 Exterior joints 

Peak horizontal force and joint shear strength of exterior joints are summarized in Table 

5.8. and Table 5.9, respectively. Similar to the experimental study, chamfer is efficient 

when it is under compression (push direction). By applying 100 mm chamfer 

(LC/LBC=0.33), peak horizontal force and joint shear strength in push direction are 

improved by more than 20%. Whereas improvement on peak horizontal force in pull 

direction is about 4% only. Peak horizontal force is moderately improved in pull 

direction when chamfer is under tension.  

As discussed in Chapter 3 and Chapter 4, main contribution of chamfer is when chamfer 

under compression. Figure 5.18 shows load path of a strengthened joint when chamfer 

is under tension and it is nearly the same as that of a non-strengthened joint. Benefit 

from chamfer to increase depth of beam, depth of compression zone (ab) is nominally 

increased leading to moderately enlargement to width of diagonal strut. As a result, 

peak horizontal force and joint shear strength increase slightly in pull direction 

(chamfer under tension). 

  
Figure 5.18 Variation of diagonal strut in pull direction 

 

ab
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Figure 5.19 and Figure 5.20 show principal stress distributions of exterior BCJs in both 

loading directions. Similar to the experiments, chamfer of an exterior BCJ is 

alternatively under compression and tension at reversed horizontal displacement. In the 

FEA, the whole chamfer is under compression when the BCJ is loaded in push direction 

as shown in Figure 5.19. Vice versa, it is under tension when loading direction reversed 

as shown in Figure 5.20. Diagonal strut is formed within the joint area in both loading 

directions. Compression strut in chamfer is developed in push direction only. 

Table 5.8 Peak horizontal forces of exterior BCJs in parametric studies 
Specimen Peak horizontal 

force 
Displacement 

(mm) 
Improvement (%) 

 ←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
EJ-0.00(0) 43.47 -43.73 18.82 -18.53 -- -- 
EJ-0.16(50) 48.61 -44.31 20.67 -17.70 11.81 1.32 
EJ-0.33(100) 55.30 -45.40 21.56 -17.44 27.20 3.81 
EJ-0.50(150) 62.85 -46.68 31.62 -15.40 44.57 6.75 
EJ-0.67(200) 71.47 -48.58 32.96 -15.69 64.40 11.09 
EJ-0.83(250) 81.03 -51.07 34.30 -15.33 86.38 16.80 
EJ-1.00(300) 90.51 -53.86 35.08 -15.36 108.21 23.17 
EJ-1.16(350) 99.75 -57.09 37.06 -15.78 129.45 30.56 
EJ-1.33(400) 110.74 -60.88 37.90 -15.26 154.73 39.22 
EJ-1.50(450) 122.07 -65.14 37.15 -15.48 180.79 48.97 

 
Table 5.9 Joint shear strengths of exterior BCJs in parametric studies 

Specimen Joint shear strength (kN) Improvement (%) 
←(+) (-)→ ←(+) (-)→ 

EJ-0.00(0) 74.94 -88.83 -- -- 
EJ-0.16(50) 83.87 -87.73 11.56 0.61 
EJ-0.33(100) 92.41 -88.28 25.60 2.61 
EJ-0.50(150) 120.54 -85.39 47.53 3.82 
EJ-0.67(200) 131.91 -87.91 65.75 7.82 
EJ-0.83(250) 144.24 -89.67 85.86 12.57 
EJ-1.00(300) 155.35 -92.53 105.45 18.18 
EJ-1.16(350) 168.66 -96.61 125.34 24.93 
EJ-1.33(400) 181.39 -99.35 147.98 32.17 
EJ-1.50(450) 191.23 -104.08 170.25 40.86 
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EJ-0.17 EJ-0.33 EJ-0.50 

   
EJ-0.67 EJ-0.83 EJ-1.00 

   
EJ-1.17 EJ-1.33 EJ-1.50 

 
Figure 5.19 Principal stress of exterior BCJs in push direction 
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Figure 5.20 Principal stress of exterior BCJs in pull direction 

5.3.1.3 Joints with eccentricity 

Peak horizontal forces and joint shear strength of interior joints with eccentricity are 

summarised in Tables 5.10 and 5.11, respectively. Similar to BCJ with equal column, 



 

197 

peak horizontal forces and joint shear strength of interior joints in both directions are 

similar. They are improved by more than 20% via 150 mm chamfers. As compared with 

specimen IJ-NU-0.00(0), peak horizontal force and joint shear strength increase by 100% 

by providing 400 mm (IJ-NU-1.33(400)) and 450 mm (IJ-NU-1.50 (450)) chamfers, 

respectively. 

Peak horizontal forces and joint shear strength of exterior joints with eccentricity are 

summarised in Tables 5.12 and 5.13, respectively. Similar to exterior joints with equal 

column, they are effectively improved and increase with increasing chamfer size in 

push direction. In pull direction, the improvement is moderate and the reason is the 

same as discussed earlier for exterior joint. 

Eccentricity has an opposite influence on the performance of BCJ in push and pull 

directions as discussed in Section 4.4.2. As a result, peak horizontal force of BCJ with 

eccentricity in push direction is lower than that of BCJ without eccentricity; and peak 

horizontal force of BCJ with eccentricity in pull direction is higher that of BCJ without 

eccentricity. By comparing the improvement in peak horizontal force of joints with and 

without eccentricity, as shown in Figure 5.21 and Figure 5.22, improvement in pull 

loading direction of joints with eccentricity is lower than that of joints without 

eccentricity. 
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Table 5.10 Peak horizontal forces of interior BCJs with eccentricity 
Specimen Peak horizontal 

force 
Displacement 

(mm) 
Improvement (%) 

 ←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
IJ-NU-0.00(0) 84.11 -101.22 45.03 -42.30 -- -- 
IJ-NU-0.16(50) 89.47 -105.87 45.86 -43.69 6.37 4.59 
IJ-NU-0.33(100) 97.20 -113.64 41.73 -41.95 15.56 12.26 
IJ-NU-0.50(150) 107.85 -124.26 39.51 -43.34 28.23 22.76 
IJ-NU-0.67(200) 118.80 -132.33 43.74 -46.96 41.24 30.73 
IJ-NU-0.83(250) 133.82 -150.29 49.32 -48.31 59.09 48.47 
IJ-NU-1.00(300) 146.74 -163.19 48.48 -50.61 74.45 61.22 
IJ-NU-1.16(350) 160.13 -178.24 50.64 -55.56 90.37 76.08 
IJ-NU-1.33(400) 173.58 -186.44 48.99 -50.94 106.36 84.19 
IJ-NU-1.50(450) 185.49 -193.36 46.81 -42.59 120.53 91.02 

 
Table 5.11 Joint shear strengths of interior BCJs with eccentricity  

Specimen Joint shear strength (kN) Improvement (%) 
←(+) (-)→ ←(+) (-)→ 

IJ-NU-0.00(0) 616.63 -715.06 -- -- 
IJ-NU-0.16(50) 651.29 -746.65 5.62 4.42 
IJ-NU-0.33(100) 689.16 -790.16 11.76 10.50 
IJ-NU-0.50(150) 749.26 -858.27 21.51 20.03 
IJ-NU-0.67(200) 825.79 -915.85 33.92 28.08 
IJ-NU-0.83(250) 930.32 -1028.71 50.87 43.86 
IJ-NU-1.00(300) 1007.39 -1112.86 63.37 55.63 
IJ-NU-1.16(350) 1094.18 -1216.08 77.44 70.07 
IJ-NU-1.33(400) 1172.64 -1255.77 90.17 75.62 
IJ-NU-1.50(450) 1240.58 -1279.08 101.19 78.88 
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Table 5.12 Peak horizontal forces of exterior BCJs with eccentricity 
Specimen Peak horizontal 

force 
Displacement 

(mm) 
Improvement (%) 

 ←(+) (-)→ ←(+) (-)→ ←(+) (-)→ 
EJ-NU-0.00(0) 42.33 -59.38 23.32 -29.35 -- -- 
EJ-NU-0.16(50) 46.73 -61.03 26.86 -26.74 10.41 2.78 
EJ-NU-0.33(100) 54.94 -62.10 25.83 -29.08 29.79 4.58 
EJ-NU-0.50(150) 62.95 -63.76 27.22 -27.27 48.73 7.38 
EJ-NU-0.67(200) 71.51 -66.12 26.06 -29.03 68.95 11.35 
EJ-NU-0.83(250) 81.49 -66.12 27.60 -30.67 92.52 11.35 
EJ-NU-1.00(300) 89.91 -71.44 30.01 -30.46 112.41 20.30 
EJ-NU-1.16(350) 100.07 -74.55 39.64 -29.55 136.41 25.55 
EJ-NU-1.33(400) 108.99 -79.22 43.29 -27.09 157.48 33.42 
EJ-NU-1.50(450) 120.17 -83.28 45.98 -29.46 183.89 40.25 

 
Table 5.13 Joint shear strengths of exterior BCJs with eccentricity 

Specimen Joint shear strength (kN) Improvement (%) 
←(+) (-)→ ←(+) (-)→ 

EJ-NU-0.00(0) 316.09 -435.15 -- -- 
EJ-NU-0.16(50) 351.72 -438.85 11.27 0.85 
EJ-NU-0.33(100) 399.37 -451.12 26.35 3.67 
EJ-NU-0.50(150) 451.77 -456.84 42.92 4.99 
EJ-NU-0.67(200) 501.26 -475.55 58.58 9.29 
EJ-NU-0.83(250) 566.05 -479.59 79.08 10.21 
EJ-NU-1.00(300) 623.43 -511.60 97.23 17.57 
EJ-NU-1.16(350) 709.23 -528.40 124.38 21.43 
EJ-NU-1.33(400) 772.71 -550.92 144.46 26.61 
EJ-NU-1.50(450) 847.68 -581.58 168.18 33.65 
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(a). Positive direction (b). Negative direction 

  
Figure 5.21 Comparison of improvement on interior BCJs with and without 

eccentricity 
 

  
(a). Positive direction (b). Negative direction 

  
Figure 5.22 Comparison of improvement on exterior BCJs with and without 

eccentricity 
 

Figure 5.23 to Figure 5.25 show principal stress distributions of interior and exterior 

BCJs with eccentricity and similar behaviour is observed. Similar to BCJs with equal 

columns, a diagonal strut is formed within the joint and an addition compression zone 

is developed in chamfer. In interior BCJs, the diagonal strut expands with increasing 

size of chamfer which helps to improve joint shear capacity. For exterior BCJs, load 

transfer mechanism in pull direction is nearly the same as non-strengthened BCJ. Width 

of diagonal strut is enlarged by chamfer leading to moderate improvement on joint 
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shear strength. As shown in Figure 5.25, with increasing chamfer size in push direction, 

there is no obvious enhancement in width of diagonal strut. 

   
IJ-NU-0.17 IJ-NU-0.33 IJ-NU-0.50 

   
IJ-NU-0.67 IJ-NU-0.83 IJ-NU-1.00 

   
IJ-NU-1.17 IJ-NU-1.33 IJ-NU-1.50 

 
Figure 5.23 Principal stress of interior BCJs with eccentricity of paramteric studies 
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EJ-0.67 EJ-0.83 EJ-1.00 

   
EJ-1.17 EJ-1.33 EJ-1.50 

 
Figure 5.24 Principal stress of exterior BCJs with eccentricity in push direction of 

paramteric studies 
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EJ-1.17 EJ-1.33 EJ-1.50 

 
Figure 5.25 Principal stress of exterior BCJs with eccentricity in pull direction of 

paramteric studies 
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5.3.2 Relationship between size of chamfer and peak horizontal force 

Based on the result and discussion in the parametric studies, relationship between peak 

horizontal force and size of chamfer can be established for different types of BCJs. 

Variation of peak horizontal force against size of chamfer, represented by ratio (R) of 

chamfer size (LC) to minimum dimension of beam and column (LBC), is plotted in 

Figures 5.26 to 5.29 for interior joints, exterior joints and joints with eccentricity, 

respectively. Peak horizontal forces (Vc) are summarized in Tables 5.14 to 5.15. As 

shown, there exist correlations between size of chamfer (ratio R) and peak horizontal 

force. It can be expressed by Equation (5.5).  

Vc
' =kR+b Equation 5.5 

Where k is gradient of the linear relationship, and b is intercept which represents 

horizontal resistance of a non-strengthened joint. 

The bilinear relationships are represented by dash lines in Figures 5.26 to 5.29. A 

turning point or intersection at ratio R equal to 0.5 is observed for all types of joints. 

This means that peak horizontal force experiences a change in trend when the chamfer 

size increases beyond a “critical chamfer size” (Lcritical). Two separate linear 

relationships can be identified according to Lcritical. According to ratio of LC/LBC is 0.5, 

Lcritical of interior and exterior joint is 150 mm (0.5×300). Based on above, relationships 

between horizontal force and size of chamfer for different types of joints are 

summarized in Table 5.14 and Table 5.15. 
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Figure 5.26 Relationship between horizontal force and chamfer size of interior BCJs 

 

 
Figure 5.27 Relationship between horizontal force and chamfer size of exterior BCJs 
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Figure 5.28 Relationship between horizontal force and chamfer size of interior BCJs 

with eccentricity 
 

 
Figure 5.29 Relationship between horizontal force and chamfer size of exterior BCJs 

with eccentricity 
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Table 5.14 Relationships between horizontal force and size of chamfer of BCJs 
Interior Exterior 

Vc=

⎩
⎨

⎧ ∓47.5R∓99.02 $0≤R≤
Lcritical

LBC
%

∓94.65(R)∓75.88 $
Lcritical

LBC
<R≤1.5%

 Vc=

⎩
⎨

⎧ 37.25R+43.47 $0≤R≤
Lcritical

LBC
%

58.91R+32.29 $
Lcritical

LBC
<R≤1.5%

 

 
Table 5.15 Relationships between horizontal force and size of chamfer of BCJs with 

eccentricity 
Interior Exterior 

Vc=

⎩
⎨

⎧ ∓37.84R∓84.11 $0≤R≤
Lcritical

LBC
%

∓77.42R∓69.47 $
Lcritical

LBC
<R≤1.5%

 Vc=

⎩
⎨

⎧ 26.43R+42.33 $0≤R≤
Lcritical

LBC
%

54.85R+36.15 $
Lcritical

LBC
<R≤1.5%

 

5.4  Summary 

Nonlinear FEA has been conducted on BCJs strengthened with chamfers. FE models 

were first verified with experimental results in terms of failure mode, strain of 

longitudinal reinforcements, load displacement curve and peak horizontal force. Based 

on the verified models, parametric studies on different sizes of chamfer have been 

investigated. The following conclusions can be drawn: 

1. By comparing the predictions on failure mode, strain of longitudinal 

reinforcements and response of chamfer with that of the experimental results, 

behaviour of specimens under cyclic loading can be represented by monotonic 

loading. 

2. Peak horizontal forces of all types of BCJs increase with increasing ratio of 

chamfer size to minimum dimension of beam and column (LC/LBC). In general, with 

chamfer size of 450 mm (LC/LBC=1.50), peak horizontal force improved by 100% 

as compared with non-strengthened joint. 
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3. An additional compressive zone (strut) within chamfer is recognized thereby 

modifying load transfer mechanism of a joint with chamfer. With increasing 

chamfer size, joint shear strength improves due to increase in width of diagonal 

strut. 

4. Compressive strain in chamfer increases with increasing drift ratio. Strain in 

chamfer decreases with increasing distance from edge of chamfer (hchamfer). 
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CHAPTER 6 DESIGN RULES OF NON-SEISMICALLY 

DESIGNED BEAM-COLUMN JOINTS STRENGTHED 

WITH CHAMFERS 

In this chapter, load transfer mechanism is studied based on the results of parametric 

studies in Chapter 5 and observations from the experiments in Chapter 4. Flow of stress 

within a joint is identified by analysing the principal stress distribution to locate the 

struts. Relationship between horizontal force and size of chamfer is identified for 

different types of BCJs. Based on the above, a modified softened strut-and-tie model 

(SSTM) is developed by redefining depth of compression zone in beam. Finally, design 

rules are recommended. 

6.1  Load path of beam column joints 

6.1.1 Flow of compressive stress within joint area 

To develop load transfer mechanism of strengthened joints, principal stress distribution 

is studied. Based on the stresses of an element obtained from FEA, principal stresses 

are calculated using Equation (6.1). 

σ1,2=
σx+σy

2 ±&(
σx-σy

2 )
2
+(τxy)2 Equation 6.1 

where, σx is stress in horizontal direction, σy is stress in vertical direction and τxy is shear 

stress from FEA. 

Common to all specimens, a diagonal strut is formed in all specimens, which is the 

main mechanism to resist the horizontal force. Horizontal component of this strut must 
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be in equilibrium with horizontal joint shear force caused by the unbalanced moment 

from adjoining beams. Control specimens IJ-NC, EJ-NC, IJ-NU-NC and EJ-NU-NC 

achieve peak horizontal force at drift ratio of about 1.31%, 0.85%. 1.77% and 0.92%, 

respectively. This indicates that compressive stress has reached its maximum value. At 

the same drift ratio, horizontal force of corresponding strengthened specimens IJ-

C150FMN, EJ-C200FMN, IJ-NU-C150FMN, and EJ-NU-C200FMN is still increasing. 

This shows that compressive stress has not yet reached its maximum value and diagonal 

strut remains intact to resist the joint shear force. 

Figure 6.1 plots principal stress distributions of interior control specimen IJ-NC and 

strengthened specimen IJ-C150FMN subjected to push loading at different drift ratios. 

A compressive zone is formed within joint area and can be idealize by a diagonal strut. 

With increasing horizontal drift ratio, compressive stress of diagonal strut increases and 

width of diagonal strut expands until reaching peak horizontal force at drift ratio of 

1.31%. Maximum compressive stress of diagonal strut is 25.03 MPa estimated by 

SSTM. Subsequently, peak horizontal force decreases due to failure of diagonal sturt. 

In strengthened specimen IJ-C150FMN, an additional compressive zone is formed in 

the chamfer. This provides the secondary load transfer mechanism transferring stress 

from beams and column to the joint. 

Figure 6.2 plots principal stress distributions of exterior control specimen EJ-NC and 

strengthened specimen EJ-C200FMN subjected to push loading at different drift ratios. 

Diagonal compressive zone formed in both control and strengthened specimens at 

initial stage (drift ratio of 0.26%). For strengthen specimen, the unsymmetrical chamfer 

is under compression when the BCJ is loaded in push direction. An additional strut is 

formed in chamfer. Width of the diagonal strut enlarges but remains intact until drift 
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ratio reaches 0.39%. Compressive principal stress reaches its maximum at 21.78MPa 

of specimen IJ-NC (at drift ratio about 0.85%) indicating failure of the diagonal strut. 

   
Drift ratio 0.26% Drift ratio 0.26%  

   

   
Drift ratio 0.39% Drift ratio 0.39%  

   

   
Drift ratio 1.31% Drift ratio 1.31%  

   
(a) IJ-NC (b) IJ-C150FMN  

   
Figure 6.1 Principal stress distribution of interior BCJs 

  



 

212 

   
Drift ratio 0.26% Drift ratio 0.26%  

   

   
Drift ratio 0.39% Drift ratio 0.39%  

   

   
Drift ratio 0.85% Drift ratio 0.85%  

   
(a) EJ-NC (b) EJ-C200FMN  

   
Figure 6.2 Principal stress distribution of exterior BCJs 
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Figure 6.3 plots principal stress distributions of interior BCJs with eccentricity IJ-NU-

NC and IJ-NU-C150FMN. The responses are similar to the interior specimens as shown 

in Figure 6.1. At the initial stage, diagonal strut formed at drift ratio of about 0.26%. 

With increasing drift ratio, compressive principal stress and width of the diagonal strut 

increase. At drift ratio of 1.77%, control specimen IJ-NU-NC achieves peak horizontal 

force and compressive principal stress reaches its maximum at 25.78MPa. 

Figure 6.4 presents principal stress distribution of exterior BCJs with eccentricity EJ-

NU-NC and EJ-NU-SP, which is similar to exterior specimens as shown in Figure 6.2. 

Diagonal strut formed within the joint and an additional strut formed in chamfer. At 

drift ratio of about 0.92%, control specimen EJ-NU-NC approaches its peak horizontal 

force and failure of diagonal strut is found due to compressive stress reaches its 

maximum value of 21.04 MPa. 
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Drift ratio 0.26% Drift ratio 0.26%  

   

   
Drift ratio 0.39% Drift ratio 0.39%  

   

   
Drift ratio 1.77% Drift ratio 1.77%  

   
(a) IJ-NU-NC (b) IJ-NU-C150FMN  

   
Figure 6.3 Principal stress distribution of interior BCJs with eccentricity 
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Drift ratio 0.26% Drift ratio 0.26%  

   

   
Drift ratio 0.39% Drift ratio 0.39%  

   

   
Drift ratio 0.92% Drift ratio 0.92%  

   
(a) EJ-NU-NC (b) EJ-NU-C200FMN  

   
Figure 6.4 Principal stress distribution of exterior BCJs with eccentricity 
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6.1.2 Load transfer mechanism of strengthened joints 

In the proposed STM, diagonal strut within the joint is the main mechanism of BCJ to 

resist joint shear. It is simplified as an idealized prismatic strut with constant width as 

shown in Figure 6.5. 

  
(a) Interior (b) Exterior 

  
Figure 6.5 Diagonal strut of BCJs 

 

Figure 6.6 shows load transfer mechanism of interior and exterior joints strengthened 

by chamfer. An addition strut parallel to the edge of chamfer is idealized from the 

compression zone in chamfer. It serves as a secondary mechanism modifying load path 

within the joint area by transferring stress between beam and column. Width of diagonal 

strut is non-uniform and is getting larger from upper column to lower column. With 

increasing chamfer size, the diagonal strut expands to enhance the joint shear strength.  

For interior joints, two chamfers are alternatively under compression forming the 

additional strut. Thus, diagonal strut is expanded in both loading directions. For exterior 

joint, width of diagonal strut is effectively enlarged when chamfer is under compression 

only. While when chamfer is under tension, no secondary load transfer mechanism is 

formed within chamfer and width of diagonal strut maintains the same. While benefit 
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from chamfer with increasing depth of beam, depth of compression zone (ab) is 

nominally increased leading to moderate upgrade of joint shear strength in pull 

direction (chamfer under tension). 

In the SSTM proposed by Hwang and Lee (1999, 2000). Depth of compression zone 

(ab) in beam is assumed to be zero by considering concrete crushing in beams under 

cyclic loading. In the experiments of this study, concrete crushing in beam was not 

observed at peak horizontal force and not even in the end of testing. By applying SSTM, 

it underestimates joint shear strength of strengthened BCJs. Thus, a modified SSTM is 

proposed.  

  
(a) Interior BCJs 

  
(b) Exteriror BCJs 

 
Figure 6.6 Load transfer mechanism of BCJs with chamfer 

CompressionTension TensionCompression

Compression Tension
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6.2  Modifications on strut-and-tie model 

6.2.1 Softened strut-and-tie model 

Hwang and Lee (1999, 2000) has proposed a SSTM to estimate joint shear capacity of 

interior and exterior joints. It provides clear understanding of the load path of joint and 

can reasonably predict joint shear strength. Three load transfer mechanisms, including 

diagonal, horizontal, and vertical mechanism, are identified as shown in Figure. 6.7. 

The SSTM satisfies stress equilibrium, constitutive law of materials and strain 

compatibility, accounting for geometrical dimensions, concrete strength, reinforcement 

characteristics and softening phenomenon. Figure 6.8 shows these three mechanisms at 

maximum response. Two assumptions have been made, in that (a) principal axes 

coincide with the direction of diagonal concrete strut and that (b) depth of compression 

zone in beam is zero. 
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Figure 6.7 Joint shear resistance mechanism: (a) diagonal mechanism; (b) horizontal 

mechanism; (c) vertical mechanism (Hwang and Lee, 2000) 
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Figure 6.8 Stut-and-tie model at maximum responses: (a) forces acting on joint 

region; and (b) forces acting on the nodes (Hwang and Lee, 2000) 
 

Based on force equilibrium within joint, horizontal shear force resisted by these three 

mechanisms is expressed by Equation (6.2). 

Vjh=-D cos θ +Fh+Fv cot θ Equation 6.2 

where Dcosθ, Fn, Fvcotθ are forces contributed by diagonal mechanism, horizontal and 

vertical mechanisms. θ is angle of diagonal strut with respect to horizontal axes and is 

defined by Equation (6.3). 

θ= tan-1 hb
''

hc
''  Equation 6.3 

Here hb’’and hc’’ are distance between the extreme longitudinal reinforcements in beam 

and column, respectively. Horizontal joint shear force is resisted by diagonal strut 

mechanism, horizontal and vertical tie mechanisms as expressed by Equation (6.4). 
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D cos θ :Fh:Fv cot θ =Rd:Rh:Rv Equation 6.4 

where Rd, Rh, and Rv are ratios of forces contributed by diagonal strut, horizontal tie, 

and vertical tie. Based on the ratios, forces from these three mechanisms are determined 

by Equation (6.5) to Equation (6.7). 

D=
1

cos θ
Rd

Rd+Rv+Rh
Vjh Equation 6.5 

Fh=
Rh

Rd+Rv+Rh
Vjh Equation 6.6 

Fv=
1

cot θ
Rv

Rd+Rv+Rh
Vjh Equation 6.7 

Rd, Rh, and Rv is associate with their relative stiffness (Jennewein and Schäfer, 1992; 

Schafer, 1996) and can be calculated with Equation (6.8) to Equation (6.10). 

Rd=
(1-γh)(1-γv)

1-γhγv
 Equation 6.8 

Rh=
γh(1-γv)
1-γhγv

 Equation 6.9 

Rv=
γv(1-γh)
1-γhγv

 Equation 6.10 

where γh is fraction of horizontal shear carried by horizontal tie in the absence of 

vertical tie and γv is fraction of vertical shear carried by vertical tie in the absence of 

horizontal tie. These are defined using Equation (6.11) and Equation (6.12). 

γh=
2 tan θ-1

3  Equation 6.11 

γv=
2 cot θ-1

3  Equation 6.12 
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Failure of joint is defined as crushing of concrete at nodal zone of diagonal strut through 

checking maximum compressive stress of concrete. Maximum compressive stress in 

nodal zone is calculated using Equation (6.13). Astr is effective area of diagonal strut 

define by Equation (6.14). 

σd,max=
1

Astr

⎣
⎢
⎢
⎢
⎡
D+

cos (θ- tan-1( hb
''

2hc
'' ) )

cos ( tan-1 ( hb
''

2hc
'' ) )

Fh-
cos ( tan-1 ( 2hb

''

hc
'' )-θ )

sin ( tan-1 ( 2hb
''

hc
'' ) )

Fv

⎦
⎥
⎥
⎥
⎤
 Equation 6.13 

Astr=as×bs Equation 6.14 

Softening effect of cracked concrete is considered by using concrete softened laws 

suggested by Zhang and Hsu (1998), as expressed by Equation (6.15). A softened factor 

z is introduced to stress-strain curve of concrete calculated using Equation (6.16). 

σd=ζfc 02(
εd

ζε(
)-(

εd

ζε(
)
2
1  for 

εd

ζε(
≤1 Equation 6.15 

ζ=
5.8

,fc

1

,1+400εr
≤

0.9

,1+400εr
 Equation 6.16 

where σd is the average principal stress of concrete. εd and εr average principal strains 

in the two principal directions (d and r) respectively; εo is strain of concrete cylinder 

corresponding to compressive stress fc and is calculated using Equation (6.17). 

εo=-0.002-0.001(
fc-20

80 ) for 20≤fc≤100 MPa Equation 6.17 

Reinforcements are assumed to be perfectly elastic and are defined as follows. 

fs=E)ε) for εs<εy Equation 6.18 

fs=fy for εs≥εy Equation 6.19 
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Thus, forces in vertical and horizontal tension tie can be estimated from Equation (6.20) 

and Equation (6.21). 

Fh=AthEsεh≤Fyh Equation 6.20 

Fv=AtvEsεv≤Fyv Equation 6.21 

where Ath and Atv are areas of horizontal and vertical ties respectively; Fyh and Fyv are 

yielding forces of horizontal and vertical ties respectively. 

Based on assumption that direction of principal compression coincides with the 

direction of strut, principal tensile strain er can be determined from horizontal strain eh 

and vertical strain ev. Sum of normal strains in the perpendicular direction is a constant 

as expressed by Equation (6.22). 

εr+εd=εh+εv Equation 6.22 

Finally, joint shear strength Vjh can be calculated through an iterative procedure as 

shown in Figure 6.9. 
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Figure 6.9 Flow chart of algorithm (Hwang and Lee, 2000) 
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6.2.2 Proposed modifications on softened strut-and-tie model 

Depth of strut without concrete crushing at the interface between joint and beam can be 

determined through Equation (6.23). 

as=6ac
2+ab

2 Equation 6.23 

where ac and ab are depth of compression zone in column and beam respectively. ac is 

suggested by Paulay and Priestley (1992) as Equation (6.24). 

ac=(0.25+0.85
N

Agfc
)hc Equation 6.24 

When a BCJs is subjected to cyclic horizontal force, plastic hinge formed in beam due 

to concrete crushing at large drift ratio. For simplification and safety design, depth of 

compression zone ab is assumed to be zero. 

Common to all specimens tested in this study, concrete crushing in beams was not 

observed at all stages of loading. In FEA, stress is relatively extensive alone depth of 

beam as compared with non-strengthened joint as shown in Figure 6.9. Thus, in the 

case of beam depth greater than column width, assuming depth of compression zone 

(ab) in beam to be zero is conservative and underestimates joint shear capacity. 

Modifications on SSTM are proposed by redefining depth of compression zone of joints 

within chamfer. 
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IJ-NC IJ-C150FMN 

(a) Interior BCJs 

  
EJ-NC EJ-C200FMN 

(b) Exterior BCJs 
 

Figure 6.10 Direction of principal stress distribution 
 

For a BCJ without joint shear reinforcements, diagonal strut is the main mechanism to 

resist joint shear force without contribution of horizontal and vertical tension ties. By 

simplifying, Equation (6.13) maximum compressive stress σd,max in diagonal strut is 

determined by Equation (6.25). 

σd,max=
D

Astr
 Equation 6.25 

By substituting Equation (6.13) and Equation (6.23) into Equation (6.25), maximum 

compressive stress σd,max can be calculated by Equation (6.26). 

σd,max=
D

6ac
2+ab

2bs

 Equation 6.26 
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Here, bs is width of diagonal strut. Depth of compression zone in beam is determined 

by Equation (6.27). 

ab
2=

D2

σd,max
2 bs

2 -ac
2 Equation 6.27 

Similar, depth of compression zone in beam for joint with chamfers is defined as ab’ 

using the same expression in Equation (6.27). Also, ab’ can be determined using 

Equation (6.28). 

ab
'2=ab

2+f(R) Equation 6.28 

where f(R) is a function of ratio R (LC/ LBC) representing for difference between depth 

of compression zone in beams of joints with and without chamfer. It can be expressed 

by Equation (6.29). 

f(R)=
D'2-D2

σd,max
2 bs

2 Equation 6.29 

Force forming compressive strut is calculated using Equation (6.30) and Equation (6.31) 

for joints with and without chamfer, respectively. 

D'=-
Vjh

'

cos θ Equation 6.30 

D=-
Vjh

cos θ Equation 6.31 

Forces forming form compressive strut of strengthened (D’) and non-strengthened (D) 

BCJs are estimated with joint shear force Vjh and Vjh’, respectively.  

For interior joints, by substituting Equation (4.8) into Equation (6.30) and Equation 

(6.31), relationship between horizontal force and compression force in diagonal strut 

can be found in Equation (6.32) and Equation (6.33) for joints with and without chamfer, 
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respectively. Vc’ and Vc are peak horizontal force of strengthened and non-strengthened 

BCJs, respectively. 

D'=-
1

cos θ 0
"Vc

' lc+NΔ#(lb-hc)
lbjd

-Vc
' 1 Equation 6.32 

D=-
1

cos θ 0
(Vclc+NΔ)(lb-hc)

lbjd
-Vc1 Equation 6.33 

Difference in compression forces in strut of joints with and without chamfer is 

expressed by Equation (6.34). 

D'2-D2=
1

cos θ2 J
K"Vc

' lc+NΔ#(lb-hc)L
2
-[(Vclc+NΔ)(lb-hc)]2

"lbjd#
2 -

2Vc
' "Vc

' lc+NΔ#(lb-hc)+2Vc(Vclc+NΔ)(lb-hc)
lbjd

+"Vc
'2-Vc

2#O 

Equation 6.34 

For simplification of Equation (6.34), let 

D'2-D2 =
1

cos θ2 K①+②+③L 

where 

①=
K"Vc

' lc+NΔ#(lb-hc)L
2
-[(Vclc+NΔ)(lb-hc)]2

"lbjd#
2  Equation 6.35 

②=−
2Vc

' "Vc
' lc+NΔ#(lb-hc)+2Vc(Vclc+NΔ)(lb-hc)

lbjd
 Equation 6.36 

③="Vc
'2-Vc

2# Equation 6.37 
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Based on the discussion on relationship of peak horizontal force and size of chamfer, 

horizontal force of joints with chamfer can be estimated from horizontal force of non-

strengthened joints as summarised in Table 5.14 and Table 5.15. For simplification and 

ease of calculation, relationship of Vc and Vc’ is derived using Equation (6.38) and 

Equation (6.39). 

By substituting Equation (6.38) and Equation (6.39) into Equation (6.34), expression 

of Equation (6.34) is derived and expressed by Equation (6.40) to Equation (6.42). 

where, 

①=
(lb-hc)2

"lbjd#
2 V[(kR+2b)kR]lc2+2lcN∆kRW Equation 6.40 

②=-
2(lb-hc)

lbjd
VK(kR)2+2kRb+2P2Llc+(kR+2b)N∆W Equation 6.41 

③=(kR)2+2kRb Equation 6.42 

Finally, depth of compression zone in beam of joint with chamfers can be determined 

using Equation (6.43).  

ab
'2=ab

2+
1

σd,max
2 bs

2 cos θ
2 K①+②+③L Equation 6.43 

By substituting Equation (4.9) to Equation (6.2) and Equation (6.30), depth of 

compression zone in beam of exterior joint with chamfer can be derived following the 

same procedure of interior joint. It is expressed by Equation (6.44) to Equation (6.46). 

Vc
' +Vc=kR+2b Equation 6.38 

Vc
' -Vc=kR Equation 6.39 



 

230 

①=
-lb- hc

2 .
2

"lbjd#
2 V[(kR+2b)kR]lc2+2lcN∆kRW Equation 6.44 

②=-
2 -lb- hc

2 .
lbjd

VK(kR)2+2kRb+2P2Llc+(kR+2b)N∆W Equation 6.45 

③=(kR)2+2kRb Equation 6.46 

Figure 6.10 provide a flow diagram to determine the joint shear strength of strengthened 

specimen. 

 
Figure 6.11 Flow chart of proposed modified SSTM 

6.3  Recommendation on design strategy 

Design rules of strengthening non-seismically designed BCJs with chamfer are 

recommended, including practical dimension of chamfer and estimation of joint shear 
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strength. Effective joint area has also been studied and a range of effective joint area 

ratio is suggested. 

6.3.1 Practical dimension of chamfer 

Based on the parametric studies, critical ratio LC/LBC has been identified as 0.5 which 

is a turning point of peak horizontal force against size of chamfer. This provides the 

minimum chamfer size as 50% of minimum dimension of beam and column (LBC). By 

estimating joint shear capacity of strengthened BCJs with selected size of chamfer 

(LC/LBC=0.5 as the starting point), a practical strengthening scheme can be determined 

preliminarily. 

6.3.2 Effective joint areas 

To quantify the effective joint area of a joint with chamfer, joint shear strength factor γ 

recommended by ACI-ASCE Committee 352 (2002) is adopted. In Equation (2.38), 

effective joint width bj and joint width hc are enlarged by chamfers. By assuming joint 

shear strength factor γ of strengthened joints the same as the corresponding control 

specimen, joint width hc of strengthened joints can be calculated using Equation (6.45). 

The results are summarized in Table 6.1. 

Effective depths of joint hc’ of interior and exterior strengthened specimens are 

improved about by 40% and 20% as compared with the corresponding control specimen. 

For joints with eccentricity, effective depth of joint is increased by about 14% as 

compared with control specimens. Thus, it is recommended that effective joint area of 

joint with chamfer is original joint area plus about 20-40% of chamfer size. 

hc=
Vjh

0.083γ,fcbj
 Equation 6.47 
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Figure 6.12 Effective joint area of strengthened specimen 

 
Table 6.1 Recommendation of effective joint area 

Specimen Shear strength factor γ Depth of column 
hc’ (mm) 

Improvement  
(%)  Exp ACI 352 

IJ-NC 
16.51 20 

300.00  
IJ-C150FM 418.90 39.63 
IJ-C150FMN 438.86 46.29 
EJ-NC 

12.06 15 
300.00  

EJ-C200FM(3) 367.04 33.52 
EJ-C200FMN 348.15 24.08 
IJ-NU-NC 

18.95 20 
300.00  

IJ-NU-C150FMN 346.42 15.47 
EJ-NU-NC 

11.80 15 
300.00  

EJ-NU-C200FMN 341.08 20.54 

6.3.3 Peak horizontal force 

Peak horizontal force of strengthened joints (Vc
’) can be estimated based on the strength 

of non-strengthened joint (Vc) by using the linear relationships related to chamfer size 

in Table 5.14 and Table 5.15. Peak horizontal force of non-seismically designed BCJs 

can be estimated by moment capacity of beam or empirical models. As non-seismic 

designed BCJ, it may fail in joint shear failure before yielding of longitudinal 

reinforcements. Joint shear strength is estimated by empirical models, such as SSTM 

(Hwang and Lee, 1999, 2000). Based on the parameter studies, value k is obtained from 

two separate linear relationships for interior and exterior BCJs, respectively. They are 

bj bb bc

hc

Direction of loading

bj bb bc

hc

hc'

Lc Lc
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recommended and summarized in Table 6.2. Ratios of k value of interior and exterior 

BCJ with eccentricity to BCJ without eccentricity are 79.96% and 81.80%, respectively. 

For simplification, lower bound solution of k can be taken as 80% of joints without 

eccentricity. 

Table 6.2 Recommends on estimation of joint shear capacity for strengthened joints 
 Interior Exterior Interior with e Exterior with e 

k1 47.5 37.25 37.87 26.43 
k2 96.54 58.91 77.42 54.58 
b1 99.02 43.47 84.11 42.33 
b2 75.88 32.29 69.47 36.15 

*e: eccentricity 
*k1 b1: parameters for relationship lesser than Rcritical (0.5). 
*k2 b2: parameters for relationship greater than Rcritical (0.5). 

6.3.4 Joint shear strength 

Joint shear strengths Vjh’ of non-strengthen an strengthened specimens are calculated 

by SSTM (Hwang and Lee, 1999, 2000) and modified SSTM by following procedure 

suggested in Figure 6.10. The results are summarised in Table 6.3 and Table 6.4, 

respectively. Prediction of interior specimens is conservative with an average error 7.75% 

as compared with calculations of experimental results. Error of prediction may be 

accumulated from verification of FE model. 

Joint shear strengths of exterior specimens are overestimated by modified SSTM about 

16.24% as compared with calculations of experimental results. Discrepancy between 

prediction and experimental results of joint shear strengths exists before strengthening 

Vjho. Joint shear strengths before strengthening Vjho determined by SSTM (Hwang and 

Lee, 1999, 2000) are 482.2 kN, 407.6 kN and 532.10 kN for specimens EJ-C200FM(3), 

EJ-C200FMN and EJ-NU-C200FMN, respectively. Equivalent joint shear strength 
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Vjho,e of specimen EJ-C200FM(3), EJ-C200FMN are 454.21 kN and 354.02 kN 

calculated with Vjho,e=Vjho6fcu fcu,EJ-NCX , overestimating by 6.16% and 15.13%. 

Equivalent joint shear strength Vjho,e of specimen EJ-NU-C200FMN is 503.65 kN with 

Vjho,e=Vjho6fcu fcu,EJ-NU-NCX , overestimating by 5.65%. It has been reported that SSTM 

tends to overestimate strength of joints with higher joint shear strength factor g (Hassan 

and Moehle, 2018). In this study, joint shear strengths Vjh’ of exterior specimens are 

overestimated due to overestimated joint shear strength before strengthening Vjho. If 

contribution of chamfer is based on overestimated joint shear strength Vjho, joint shear 

strengths calculated by modified SSTM (Figure 6.10) are 569.70 kN, 500.50 kN and 

550.80kN for specimens EJ-C200FM(3), EJ-C200FMN and EJ-NU-C200FMN, 

respectively with an average error about 1.5%. The above-mentioned results are 

summarised in Table 6.5. On the other hand, Modified SSTM is capable of providing a 

reasonable prediction based on parameter k recommended in Table 6.2. 

Table 6.3 Comparison of joint shear strengths of non-strengthened BCJs 

Specimen Experiments FEA 
SSTM  

(Hwang and Lee, 1999, 2000) 
Vjh Error % 

IJ-NC 766.18 723.14 758.30 -1.03 
IJ-NU-NC 762.24 773.92 615.70 -19.23 
EJ-NC 509.79 487.05 536.10 5.16 
EJ-NU-NC 474.30 515.70 550.10 15.98 
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Table 6.4 Comparison of joint shear strengths of strengthened BCJs 

Specimen Experiments FEA Modified SSTM Error (%) 
IJ-C150FM 921.85 837.88 850.30 -7.76 
IJ-C150FMN 1028.52 882.85 917.90 -10.76 
IJ-NU-C150FMN 873.02 848.07 831.70 -4.73 
EJ-C200FM(3) 590.28 595.94 691.50 17.15 
EJ-C200FMN 513.32 483.09 577.00 12.41 
EJ-NU-C200FMN 556.39 495.32 663.00 19.16 

 
Table 6.5 Joint shear strengths of exterior BCJs 

Specimens 
Vjh’ 
Exp 

Vjh’ 
Modified 

SSTM 

Error 
(%) 

Vjho/Vjh 

(kN) 
Vjho,e 
(kN) 

Error 
(%) 

EJ-NC  -- -- 509.79 -- -- 
EJ-C200FM(3) 590.28 596.70 1.09 482.2 454.22 6.16 
EJ-C200FMN 513.32 500.50 -2.50 407.6 354.02 15.13 
EJ-NU-NC  -- -- 474.30 -- -- 
EJ-NU-C200FMN 556.39 550.80 -1.01 532.10 503.65 5.65 

*Exp: experimental results. 
* Vjho/Vjh: Joint shear strength before strengthening for strengthened specimen Vjho or 
for control specimens Vjh. 

6.3.5 Design procedure 

Design of BCJ strengthened with chamfer can be in two ways. As shown in Figure 6.13, 

chamfer size is determined based on the recommended minimum value of R (LC/LBC). 

Alternatively, Figure 6.14 provides an estimation on chamfer size based on joint shear 

strength Vjh’. 

Figure 6.13 is applied when the space is restrict limiting the chamfer size or simply 

adopts minimum value of R(LC/LBC) =0.5. By using k value as recommended in Table 

6.2 and peak horizontal force of non-strengthened BCJ (Vc), expressions in Equation 

6.41-Equation 6.43 applied calculated. Depth of compression zone in beam ab’ 

(Equation 6.44) of strengthened BCJ can be determined. 
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As an alternative, required joint shear strength Vjh’ is applied to determine the chamfer 

size of a strengthened BCJ. By using the relationship between peak horizontal force 

and ratio R (LC/LBC), size of chamfer can be calculated (LC=RLBC). As an academic 

exercise, effective width of strengthened joint hc’ can be estimated by adding 30% of 

size to chamfer to compute joint shear strength factor γ with that of ACI-ASCE 

Committee 352 (2002). 

 
Figure 6.13 Design with chamfer size  

 

Select chamfer size LC>Lcritical

0.5

K

Calc. ①, ②, ③

Calc. ab’

Calc. Astr

SSTM

Joint shear capacity of non-strengthened joint Vjh

Vc

R(LC/LBC)

Estimate joint shear strength Vjh
of strengthened joint

Vjh’
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Figure 6.14 Design with joint shear strength 

6.4  Summary 

1. In this chapter, load transfer mechanism of strengthened joint with chamfers is 

identified, including a diagonal compressive strut in joint area and an additional 

strut in chamfer. Due to the additional strut in chamfer, joint shear capacity of 

strengthened joint is effectively improved.  

2. Minimum size of chamfer is recommended as 50% of LBC. Effective joint area 

of joint with chamfer is estimated as original joint area adding about 20-40% of 

chamfer size. 

Required joint shear capacity Vjh’

Select K

Joint shear capacity of non-strengthened joint Vjh

Vc

VC
’=KR+Vc

R(LC/LBC)

LC

LC=RLBC

Compared with seismic code 
(ACI352R-2002)

hc’

Determine chamfer size

Vc’
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3. Value k of two separate linear relationships for both interior and exterior joints 

are recommended. For joints with eccentricity, k is taken as 80% of joint without 

eccentricity. 

4. A modified SSTM is proposed by redefining depth of compression zone in beam 

ab’. By incorporating the relationship between peak horizontal force and size of 

chamfer (LC/LBC), joint shear capacity can be estimated. 

5. Finally, two ways to design a joint strengthened with chamfers are suggested, 

including design to chamfer size and joint shear capacity. 
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CHAPTER 7 CONCLUSIONS 

7.1  Conclusions 

To upgrade non-seismically designed BCJs, a practical strengthening strategy by 

installing unsymmetrical chamfers on the soffit of beams is proposed. Experimental 

studies have been conducted on a total of seventeen 2/3-scale specimens, including 

seven interior specimens, four exterior specimens, and six specimens with eccentricity 

generated by different sizes of upper and lower columns. The specimens represent a 

typical non-seismically designed BCJs identified based on the study conducted by 

Architectural Services Department. 

Performance of strengthened specimens was investigated in terms of failure mode, 

strain of longitudinal reinforcements and response of chamfer. Experimental results 

were analysed and discussed with respect to hysteretic behaviour, envelop curve, 

energy dissipation, stiffness degradation, shear distortion and joint shear strength. Load 

transfer mechanism of strengthened joints have been identified by performing nonlinear 

finite element analyses. Based on the verified FE models, parametric studies on of 

different types of joints have been investigated. There exists bilinear relationship 

between peak horizontal force and size of chamfer (LC/LBC). A modified SSTM has 

been proposed via redefining depth of compression zone in beam. By relating peak 

horizontal force and size of chamfer (LC/LBC), joint shear capacity of strengthened joint 

can be predicted. Finally, design rules of non-seismically designed BCJs are 

recommended. Based on the above, the following conclusions can be drawn. 

1. Unsymmetrical chamfers installed on the soffit of beams can improve the seismic 

response of non-seismically designed BCJs and suppress joint shear failure. Based 
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on the experimental study, peak horizontal force of interior BCJs can be effectively 

improved in both loading directions by installing chamfers with LC/LBC=0.5. Peak 

horizontal force of exterior BCJs is improved in push (positive) direction when 

chamfer is under compression. Chamfer size is the major aspect influencing the 

overall behaviour of strengthened BCJs as compared with installing U-bars within 

chamfers. Eccentricity generated by difference in size of upper and lower column 

has positive and negative influence on two loading directions. Strain in chamfer 

linearly decreases with increasing ratio of dc/hchamfer showing that width of the 

additional strut is associated with the size of chamfer. 

2. Based on the FEA, load transfer mechanism of joints with chamfers is identified. 

An additional strut is formed in chamfer and can be simplified by an idealized 

prismatic strut along with the edge of chamfer. This serves as the secondary load 

transfer mechanism. 

3. Common to all, a turning point at ratio (LC/LBC) is 0.5 for of all types of joints. 

Parameter k for horizontal resistance and ratio R (LC/LBC) for both interior and 

exterior joints is suggested to be 94 and 58, respectively. For joints with 

eccentricity, k can be taken as 80% to that of joints without eccentricity. Critical 

size of chamfer (Lcritical) is 50% of minimum dimension of beam and column (LBC).  

4. A modified SSTM is suggested by redefining depth of compression zone in beam 

(ab’). By relating peak horizontal force (Vc) and size of chamfer (LC/LBC), joint 

shear strength of strengthened joint can be estimated.  

5. Two design approaches for strengthened joints are recommended. (a) Determine 

chamfer size according to working space and not less than minimum ratio of LC/LBC 

0.5. Using the modified SSTM, joint shear strength Vjh’ can be estimated. (b) With 
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the required joint shear strength (Vjh’) and relationship between peak horizontal 

force (Vc) and size of chamfer (LC/LBC), ratio R can be calculated. Thus, practical 

chamfer size (LC) can be determined (RLBC). 

In general, installing unsymmetrical chamfers on the soffit of beams is a practical and 

effective strategy to strengthen non-seismically designed BCJs. Peak horizontal force 

and joint shear strength of interior BCJs can be effectively improved with chamfer size 

of R (LC/LBC) =0.50. Peak horizontal force and joint shear strength of exterior BCJs are 

improved in push (positive) direction with chamfer size of R (LC/LBC) =0.67. Thus, joint 

shear failure of non- seismically designed BCJs can be suppressed.  

Limitations of this study are as follows. 

1. For exterior BCJs, the strengthening strategy is effectively in one direction only. 

2. This study has considered BJCs with beam to column ratio at 4/3 and axial load 

ratio at 0.25. Notwithstanding the strengthening strategy is still effective for other 

beam to column ratios or axial load ratios, design rules should be applied with 

verifications by testing or finite element analysis. 

7.2  Recommendations for future work 

Further studies can be conducted on BCJs with different beam to column ratios and 

subjected to different values of axial loads. Relationships between peak horizontal force 

and chamfer size can be further investigated based on FEA and parametric studies for 

other dimensions. 
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