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ABSTRACT: Damage in reinforced concrete structures from earthquake attacks was
mainly attributed to shear force due to the inadequate detailing of reinforcement and the
lack of transverse steel and confinement of concrete in structural elements. For better
seismic performance of R/C moment resisting frames, joint panel zones are preferred to
be elastic, however, weak joints undergo inelastic deformations and fail in shear and
bond. In this paper, a new analytical model for shear characteristics of joint has been
proposed which estimates the shear strength capacity and predicts the amount of shear
deformation by establishing shear stress-shear strain relationship based on softened truss
model theory.  The model adopts constitutive law for softened concrete including
confinement effect in the joint.  Inelastic behavior associated with the slip of longitudinal
reinforcement anchored in the joint is represented through bar slippage model.  The
response of joints and its effect on overall behavior have been studied by carrying out
nonlinear dynamic analysis on experimental sub-assemblages under cyclic loads. The
critical responses in the joint behavior were noted down and good comparison was
observed with available experimental results.

1 INTRODUCTION

Catastrophic failures of concrete structures have been observed during earthquakes of moderate to
severe intensity. Distress in beam-column joints, in some cases leading to building collapse, has been
attributed to inadequate joint confinement. Several disastrous failures during the 1985 Mexico City
earthquake could apparently be attributed to joint failure in cases where adequate confinement in the
joint was not provided. The strength and deformation capacity of joints play a very crucial role in the
over all behaviour of the structure and excessive joint shear deformation would cause permanent drift
of the building.

Inadequate joints suffer stiffness degradation because of large cracking of joint concrete and due to
loss of bond between the concrete and main reinforcement of the framing members, which eventually
prevents the ultimate strength of connecting beam and columns to be developed.  The intrinsic
mechanisms existing between joint shear resistance and bond capacity of the bars passing through the
joint are not well established.  Kitayama 1991, proposed an index for bond stress to approximately
indicate the severity of bond situation within beam column joint. However, codes of practice (ACI
1995, AIJ 1994, NZS 1995) suggest limits on the input joint shear force and ratio of column
dimension to bar diameter in beams to avoid ill behaviour of beam column joints in earthquake
resistant design.

A detailed review has been carried out on the past research work on the behaviour of joints both on
experimental and analytical sides.  Bonacci 1993, attempted to identify the parametric dependence of
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joint behaviour from studies conducted on interior connections but observed no consistent trend due to
the diversity in the experimental techniques used and the large number of influencing parameters.

Experimental studies (Uzumeri 1974 & Meinheit 1981) have reported that the 45o truss analogy is not
a reliable method for the estimation of shear capacity of joints, a conclusion contradictory to ACI and
ASCE recommendations. Paulay 1989, reported theoretical explanations to joint shear transfer
mechanisms and to determine the maximum joint shear stress by considering force equilibrium
conditions only.  Pantazopoulou 1992, developed analytical formulations, by satisfying, both
equilibrium and compatibility conditions to compute average joint shear stress and joint panel
deformation.

A detailed review of the past research work has indicated that many works have discussed different
methods of assessing only the shear strength of joint panel.  There is a need for developing a model,
which directly relates the shear stress level to its corresponding shear deformation of the joint.  This
paper presents a new analytical model for beam column joint to represent the shear behaviour within
the joint panel zone by establishing shear stress – shear deformation history envelope with salient
response points.  The paper also discusses the provisions about accommodating the effect of bond-slip
of the longitudinal bars passing through the joint in predicting the beam column joint behaviour under
reversed cyclic loading reflecting the seismic conditions.   The above features are implemented in a
non-linear dynamic analysis program IDARCFJ (built on the platform of IDARC 2.0 (Park 1987) with
many other modules and their description could be found elsewhere (Uma 1998).  Behaviour of typical
beam column joint test specimens has been studied using this computational tool.  The accuracy of the
models and the proposed procedures is validated through comparison of relevant responses, predicted
analytically, with reported experimental results.

2 SHEAR BEHAVIOR WITHIN JOINT

2.1 Joint idealisation

Behaviour of joints is commonly characterised by an average shear stress introduced to the joint by
adjacent beams and columns. Beam column joint has been idealised as 2D plane element subjected to
only in-plane forces such as normal and shear stresses and is shown in Figure 1.   Lateral loads are
considered in one principal direction (in the direction of longitudinal beam) and vertical loads are
along the column.  Since contradictory opinions do prevail regarding the role of transverse beams on
joint (Ehsani 1985 & Zerbe 1990), the influence of transverse beam in confinement of core is
neglected in modelling and only in-plane effects for the 2D joint panel is considered.

column 

longitudinal 
beam 

joint 

Figure 1. Forces on a typical joint

In the present study, to establish the shear stress-shear strain curve, rotating angle softened truss model
theory is used.  Joint reinforcements in orthogonal directions are column reinforcement in vertical
direction (t-axis) and beam and stirrup reinforcement in horizontal direction (l-axis).  On the
application of the normal stresses ( σl , σt ) and shear stresses ( τlt ) diagonal cracks are formed as



3

shown in Figure 2.  A truss action is formed between the concrete struts subjected to compression and
the steel bars act as tension links.  The compression struts are oriented in the d-axis, which is inclined
at an angle α s  to the longitudinal steel bars.    Taking the direction perpendicular to the d-axis as r-
axis, we have d-r co-ordinate system in the direction of the principal stresses and strains.  The normal
principal stresses are designated as σd  in compression and σr  in tension. It is assumed that the steel

bars can resist only axial  'smeared steel stresses' ρl lf and ρt tf where ρl , ρt  are reinforcement
ratios and fl , ft  are stresses in steel bars in l and t directions respectively.  Hence, the state of stress
in the reinforced concrete joint panel can be considered as the superposition of steel stresses and
concrete stresses ( σl  and σt ). More information on the basic theory could be obtained elsewhere
(Hsu 1993).

σ
τ

τ

τ

σ

σ

σ

τ

l

ll
t

t

t

lt

lt

lt

lt

                  

α

d
r

l

t

s

(a) Stress Conditions within the joint           (b) diagonal cracks and orientation

Figure 2  Inplane stresses and cracking assumptions

2.2 Development of the model

The proposed analytical shear model for joint essentially accommodates the effect of panel zone
considering the uniform distribution of average bond stress within the joint (Pantazopoulou 1992).  As
the forces at the joint boundary increase,  several possible milestones in response can develop such as
yielding of transverse reinforcement (stirrups), crushing of concrete along the diagonal or yielding of
column reinforcement (Pantazopoulou 1992). The model establishes shear stress – shear strain
envelope, satisfying both equilibrium and kinematic conditions within the joint.  The model adopts
non-linear constitutive laws of concrete considering the softening effect. Also, the confinement effect
of joint core due to stirrup reinforcement has been considered in the formulation.

2.2.1 Equilibrium and Kinematics of Joint

The equilibrium conditions of joint stresses give the expressions for the normal stresses and shear
stresses.  The expressions for normal stresses (σl , σt  ) and shear stresses ( τlt ) can be written as

σ σ α σ α ρl d s r s l lf= + +cos sin2 2                                                              (1)

σ σ α σ α ρt d s r s t tf= + +sin cos2 2                                                              (2)

τ σ σ α αlt d r s s= −( ) sin cos                                                                           (3)

The kinematic conditions give strains in the reinforcements in the orthogonal directions ( lε , tε ) and

also the shear deformation of joint ( ltγ ).

srsdl αεαεε 22 sincos +=                                                                           (4)
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srsdt αεαεε 22 cossin +=                                                                           (5)
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2.2.2 Material Constitutive Law and softening of concrete in the Joint

The constitutive equations are based on non-linear stress-strain relationship of concrete and steel.  The
confinement effect of concrete within joint core is much affected by the yielding of stirrups as shown
in Figure 3. For concrete, the stress-strain relationships proposed by Sheikh and Uzumeri 1982 for
confined/unconfined concrete of tied columns are appropriately adopted for joints taking the state of
confinement in the joint with respect to stirrup yielding. It is conservatively assumed that after the
yielding of stirrups, the concrete takes up the unconfined stress-strain relationship. A proportional
softening coefficient ζ has been defined as a function of tensile strain εr and εd , which takes into

account confinement effect, on softening, in terms of hoop volumetric ratio ( svρ ) within the joints and
is given below.
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ζ                                                                                  (8)

where ′fc
*   = peak strength of concrete   εc

*  = corresponding strain hyf   =  yeilding stress

of stirrup

[* denotes that the peak values of stress and strain used shall be corresponding to the
confined/unconfined values as applicable. ]
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Figure 3 Transition of Stress-Strain Curve of Concrete after Yielding of Stirrups

 (Ref. Pantazopoulou and Bonacci, 1992)

The stress-strain relationship for the longitudinal and transverse steel bars is assumed to be elastic-
perfectly plastic. The procedure for establishing the shear stress-shear strain history and the shear
capacity of the joint panel is adopted from Hsu 1993.
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3 BAR SLIPPAGE WITHIN A JOINT

The bond stress condition of longitudinal bars within the joint, which affects the response of beam
column joint severely and its interaction with joint shear behaviour is reported to be highly complex
(Kitayama 1991 & Shiohara 2001).  In addition to this pinching or crack closing effect deteriorates the
beam column joint behaviour and is generally reflected in the hysteretic response curves.   In the
present work, the occurrence of bar slippage and bond failure is identified using Bond Index, proposed
by Otani 1985 and this behaviour is simulated using appropriate values for the corresponding
hysteretic parameters in Three Parameter hysteretic model adopted in IDARCFJ.

The bond index is calculated at each load step based on the actual stresses developed in the beam
reinforcements and only when the bond index exceeds the limiting value, the slip-control parameter of
the hysteretic model takes up an appropriate value to reflect pinching in the hysteretic curve indicating
the bond-slip occurrence within the joint. This necessarily reflects the effect of bond deterioration on
the joint stiffness degradation and hence affecting the shear resisting capacity of the joint.

4 APPLICATION EXAMPLES

4.1 Shear characteristics

The performance of the developed model is validated with the reported results on experimental
investigations on joints with two main objectives such as establishment of shear stress-shear strain
curve and estimation of shear strength.  For the present validation study, the experimental results
obtained by Meinheit 1981 and Otani 1985 were used.

Test specimens are in the form of sub-assemblages wherein the joint panel zone reported to have failed
in joint shear failure by hoop yielding were chosen. It is worth mentioning here that in these test
specimens, distress due to bond deterioration were not reported before the occurrence of joint shear
failure by hoop yielding. The properties of test specimens and detailing of the joint panel zones could
be obtained from the respective references.  The effective dimensions of joints were reckoned from
column and beam dimensions as per ACI-ASCE 352 recommendations 1985.

The specimen C1 from Otani 1985 was considered to establish the shear stress- shear strain curve.
Specimens from experiments on sub-assemblages conducted by Meinheit 1981 were considered to
estimate the shear strength at cracking stage and post cracking stage of joints.

4.1.1 Shear Stress-Shear Strain Curve

Figure 4 shows shear stress - shear strain curve established for specimen C1 of Otani 1985 using the
proposed joint model. In this curve, the critical milestones of joint response such as cracking shear,
yielding of hoops were identified and presented.  The point 'A' marked on the curve indicates the di-

agonal cracking point and the corresponding cracking shear stress, τcr .  The shear stress correspond-
ing to the initiation of hoop yielding was referred as yielding shear τ y .  This point was identified and

marked as B. The shear strain is the measure of joint deformation and its performance.

4.1.2 Shear Capacity

The shear capacity of joints is estimated from maximum shear stress and effective joint area.  The
effective joint area is determined from the effective dimensions of joints as per ACI-ASCE 352
recommendations.  In the case of Meinheit  specimens, the shear stress corresponding to first diagonal
cracking is predicted by the proposed analytical model ( )τcr a and compared with the reported values,

( )τcr m .  These specimens were reported to have failed due to joint shear failure caused by hoop

yielding.  A good comparison is observed between the analytically computed results ( τm-a ) and
reported experimental maximum values ( τm e− ) which are shown in Table 1.
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Figure 4 Establishment of Joint Shear Stress-Strain Curve

Table. 1 Evaluation of Cracking Shear  & Shear Capacity

Specimen
cf ′

(ksi)
N/ gA

(ksi)

( )τcr a

(ksi)

( )τcr m

(ksi)

( )
( )

cr m

cr a

τ
τ

( τm-a )
/ cf ′

( )τm e−

/ cf ′
( )τm e−

/ ( τm-a )

I 3.80 1.60 0.56 0.45 0.80 13.84 14.20 1.03

II 6.06 1.53 0.64 0.58 0.90 14.70 16.70 1.14

III 3.86 1.52 0.61 0.51 0.83 16.06 15.80 0.98

IV 5.23 1.55 0.64 0.68 1.05 15.65 15.80 1.01

V 5.20 0.21 0.29 0.24 0.81 14.34 17.00 1.19

VII 5.40 2.55 0.82 0.95 1.16 14.94 15.70 1.05

XIII 5.99 1.51 0.63 0.69 1.09 14.81 15.70 1.06

XIV 4.81 1.55 0.64 0.67 1.05 16.20 17.20 1.06
Note: 1 ksi = 6.89 MPa

5 BEHAVIOUR UNDER SEISMIC CONDITIONS

Seismic conditions are simulated in the form of quasi-static reversed cyclic loads for sub-assemblages.
The behaviour of joints under reversed cyclic loads has been studied using the non-linear dynamic
analysis tool, IDARCFJ.  The computational tool features new component model developed by the
author, for flexural element with flexible joints at the ends, which essentially include the shear
deformation of joints and effect of bar slippage in predicting the overall response of the structure. The
strength-deformation model and hysteretic model used for both joint and adjacent flexural member
essentially takes care of the deterioration in joint stiffness and in overall response, due to bar slippage
by using appropriate values for the hysteretic parameters.

5.1 Reversed Cyclic Effect

The joint shear response and overall response of the beam column joint have been studied under
displacement controlled quasi-static reversed cyclic loads. For studying the joint and overall behaviour
of beam-column-joint sub-assemblage Leon 1990 specimen BCJ2 has been selected.  The specimens
were intentionally prepared under reinforced within the joints. The beams and columns were provided
with the initial stiffness properties as 0.35 EIg and 0.6 EIg respectively, as per engineering
approximation assumptions (Paulay 1992). The hysteretic parameters for flexural elements are
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obtained using the guidelines proposed by Kunnath 1995. Reported literature on experimental
investigations on joints, exclusively measuring the joint shear-distortion under cyclic shear is rarely
available.  In the present study, joint hysteretic behaviour is simulated using the Three parameter
model by Kunnath 1990.  The appropriate values were arrived following the guidelines proposed by
Jordan 1990.

5.1.1 Force-Deformation Response

The overall analytical and experimental response of the specimens in terms of applied shear force
versus interstory drift under the cyclic loading program for BCJ2 is shown in Figure 5.  Bond
deterioration was reported to have occurred within the joint panel zone due to inadequate anchorage
length. In general, the hysteretic behaviour of the test specimens has been reproduced well,
particularly with respect to pinching effect.   The pinching in the hysteretic curve could be attributed to
the bond deterioration of beam bars and shear deterioration within the joint panel zone. A good
comparison is observed.
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Figure 5  Load-Deformation Response - BCJ2
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5.1.2 Joint Shear Strain

Cyclic loading of beam column joints at high shear stress level in addition to inadequate anchorage
length results in large shear strain within the joints.  The joint shear strain measured for specimens
BCJ2 of Leon 1990 has been compared with that computed analytically.  Figure 6 shows the
comparison of envelope for column load versus joint shear strain curves for BCJ2 specimen.  The
analytical results compare well with experimental results.

Figure 6  Column Load versus Joint Shear Strain Envelope - BCJ2

6 CONCLUSIONS

The complex behaviour of beam column joint under seismic condition is identified with two specific
responses; (i) shear response of joint panel zone (ii) Effect of slippage of longitudinal bar within the
joint.  A new analytical model has been proposed to establish shear stress-shear strain envelope, which
essentially relates the joint shear stress with joint shear deformation.  This model considers the effect
of confinement and softening effect in the joint core.  Formulations are presented to identify the
possibility of bar slippage by checking the bond capacity and the effect of bar slippage has been
accounted in prediction of beam column joint behaviour.

The above features implemented in the computational tool, IDARCFJ has been used to analyse the
performance of beam to column joint behavior under cyclic loads. The interaction of bond
deterioration resulting in the slippage of bar with joint shear behaviour essentially reflects pinching in
the hysteretic curves.  The validity of the joint shear model and formulations proposed are illustrated
with the good comparison of analytical results with reported experimental behaviour.  Thus, the
proposed joint model and its implemented features in IDARCFJ has been successful in considering the
joint deformations in performing the task of seismic evaluation of R/C moment resisting frames by
removing the usual assumption of considering the panel zone as rigid, which is not a reality.
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