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ABSTRACT:  To assess the performance of grade 500 reinforcement in beam-column 
joint zones three beam-column sub-assemblies were built and tested.  The units were 
detailed to comply with the minimum requirements of the Structural Concrete Standard in 
the joint zone.  The test results show that bar slip occurred at ductility levels appreciably 
lower than the permissible design values implied in the Loadings and Structural Concrete 
Standards.  This slip led to a loss of stiffness together with a loss of strength.  It was also 
found that replacing grade 300 reinforcement with grade 500 reinforcement significantly 
reduces the effective stiffness of both the joint zone and the beams in the pre-yield load 
cycles.  To avoid the problems associated with both bond in internal joint zones and loss 
of stiffness in beams, it is recommended that the beams of ductile moment resisting 
frames should be designed using grade 300 reinforcement.  

1 INTRODUCTION 

The horizontal component of shear force in a beam-column joint zone, Vjh, arises from the flexural 
compression force on one side of the joint zone, the tension force on the other side of the joint zone 
and the shear resisted by the column, as illustrated in Figure 1.  Thus Vj h is given by- 

    Vjh =  C + T � Vcol                           (1) 
                                 

where the C and T values correspond to the over strength values in the beams and Vcol is the minimum 
shear force in the column consistent with over-strength actions.  Two basic mechanisms for the shear 
resistance of beam column joint zones have been identified [Paulay et al, 1978], namely panel truss 
action and diagonal strut action and these are briefly reviewed in the following paragraphs. 

1.1 Panel truss action 

With panel truss action, which is illustrated in Figure 2, the shear in the joint zone is resisted by 
diagonal compression forces in the concrete, which act against the longitudinal reinforcement in both 
the beam and the column.  Joint zone ties, which pass round the external column bars, are required to 
sustain the horizontal component of the diagonal forces.  The vertical component of the diagonal 
forces, which acts on the beam bars in the joint zone, is resisted by compression forces from the 
columns and tension in the intermediate column bars. For panel truss action to be sustained the force 
in the beam reinforcement changes from compression on one side of the joint zone to tension on the 
other side.   Hence this reinforcement has to sustain bond stresses through the joint zone, which in 
turn, as described above, requires both intermediate column bars and horizontal joint zones ties to be 
present.  Hence there is a relationship between bond resistance and the beam column joint zone shear 
reinforcement that is provided.   That is bond strength cannot be assessed without reference to joint 
zone shear reinforcement.  

When the reinforcement yields the strains in the reinforcement cause relative movement to occur 
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between the reinforcement and the concrete, that is some slip occurs.  When this slip is equal to the 
clear spacing between the deformations on the bars the bond resistance is destroyed for practical 
purposes.  Clearly the relative movement increases with the strain levels in the reinforcement.  Hence 
bond degradation could be expected to occur more rapidly with high strength reinforcement than with 
lower grade reinforcement due to the higher strains associated with the higher strength.  With inelastic 
cyclic loading bond resistance is progressively reduced and with this the resistance provided by panel 
truss action is reduced. 
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Figure 1.  Shear force in beam-column joint zone. 
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Figure 2.  Panel truss action in beam-column joint zone. 

1.2 Diagonal strut action 

Different variants of diagonal strut action are illustrated in Figure 3.  In part (a) of this figure the 
flexural compression forces in the beams and columns, together with the flexural tension forces that 
can be anchored by bond in the compressed corner of the joint zone, sustain a diagonal compression 
force across the joint zone.  While this mode of shear resistance requires no bond stresses to be 
sustained by the longitudinal beam or column bars outside the compressed corners of the joint zone, it 
also requires that away from these corners slip can freely occur.  Theoretically no joint zone 
reinforcement is required with this action.  
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Part (b) of Figure 3 shows a variation of diagonal strut action.  In this case the diagonal compression 
stresses spread over the joint zone with horizontal joint zone ties located in the mid zone of the beam 
column joint sustaining tie forces which balance the diagonal forces where these meet the column 
reinforcement.  This condition is likely to develop where the bond resistance of the column bars is 
maintained, which is usually the case as these bars are generally proportioned so that they do not yield 
when plastic hinges form in the beams.  The spread of the diagonal compression force in the joint 
zone, which is associated with this mode of joint shear resistance, reduces the magnitude of the 
diagonal compression stresses in the mid-region of the joint zone. To a limited extent diagonal strut 
and panel truss action can co-exist.  As the bond resistance of the reinforcement reduces the proportion 
of shear resisted by diagonal strut action increases. 
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Figure 3.  Diagonal strut action in beam-column joint zones. 
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Part (c) of Figure 3 indicates how diagonal strut action can resist the joint zone shear after bond failure 
occurs on the beam bars passing through the joint zone.  Once this failure occurs shear resistance by 
panel truss action is lost, as no force can be transferred to the concrete in the joint zone.  In this case 
the flexural tension force, T, in both the top and bottom beam bars is anchored into the beam on the far 
side of the joint zone.  Assuming there is equal top and bottom reinforcement in the beam, the 
resultant tension force in the beam is equal to 2T and it is located at the mid-depth of the section.  This 
is illustrated in part (d) of the figure for section 1-1.  The flexural compression force is 2C and the 
moment of resistance is equal to 2T times the lever arm, which is less than half the level arm in the 
beam beyond the point where the tension force in the compression zone is anchored, that is at section 
2-2.  If the flexural resistance at section 2-2 is greater than the bending moment causing first yield of 
the reinforcement at the section 1 � 1, inelastic deformation can spread into the beam.  However, if it 
is less than this value all the additional yielding occurs in the beam reinforcement where it passes 
through the joint zone adding to the slip that occurs through the joint zone.  Strain hardening of the 
reinforcement in the joint zone can result in some increase in the flexural strength of the zone adjacent 
to the column face, which should help in some cases in causing the reinforcement in the beam to yield.  
In assessing whether yielding may occur at the section 2-2 it should be noted that diagonal cracking in 
the beams increases the tensile stresses in the reinforcement above that resulting from pure flexure 
alone (tension lag).  Hence the required increment in bending moment between the two sections  (1-1 
and 2-2) is considerably less than that implied by the gradient of the bending moment diagram. 

Figure 4 shows the relative flexural strength of a section such as 1-1, where the bond to the beam bars 
has been destroyed, to the bending moment that causes the flexural tension reinforcement to reach the 
yield stress, such as at section 2-2.  For this calculation it is assumed that there is zero stress in the 
reinforcement on the compression side of the beam at section 2-2.  The values are shown relative to 
the nominal flexural strength and they were calculated for a rectangular beam, 900 x 400 mm, with an 
effective depth of 850 mm with equal areas of longitudinal reinforcement top and bottom of the beam.  
The concrete strength, f′c was taken as 35 MPa and the yield strength of the reinforcement as 500 
MPa.  In calculating the nominal strength, and the strength of the sections when slip occurs, it was 
assumed that the concrete could sustain the standard compression stress block.  The actual stress that 
can be sustained by the concrete when bar slip occurs varies with the extent of disruption of the 
concrete.   This is a function of the concrete cover, tensile strength of concrete, strain level in the 
reinforcement and the arrangement of the bars in the section.  As cyclic loading increases the extent of 
disruption of the concrete in the compression zone increases.  Hence the strength loss indicated by 
figures such as those shown in Figure 4 are indicative only, and as cyclic loading continues so the 
compressive resistance of the concrete and hence the flexural strength can be expected to 
progressively reduce.  The increased magnitude of the compression force has the effect of reducing 
both the strength and the ductility of the plastic hinge [Hakuto et al]. 
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Figure 4. Ratios of first yield flexural strength and flexural strength when bar slip occurs to nominal strength. 
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On the basis of calculations, such as those illustrated above, it was concluded that if bond was lost 
from the joint zone, there would not be an appreciable loss of flexural strength if the flexural tension 
reinforcement proportion, pw , was less than 0.08f′c / fy.  In this situation there would be some loss of 
stiffness but some yielding would still occur in the beams and ductile behaviour should be maintained 
to the limit required in the Standard.   For the case described above this limit corresponds to a 
reinforcement proportion of 0.0056.  With reinforcement contents appreciably above this limit failure 
of bond in the beam column joint zone could be expected to lead to a marked drop in strength. This 
occurred in a beam-column sub-assembly unit tested by Young [1998].  In this unit the strength 
dropped by 30% when bond failure occurred in the ductility 4 load cycles.  In this test the flexural 
reinforcement content was 0.12f′c /fy.  

2 STIFFNESS OF REINFORCED CONCRETE 

The use of grade 500 reinforcement leads in lower steel contents, higher stresses and strains, and 
consequently greater deformations than those associated with reinforcement grades previously 
available in New Zealand.  Generally this leads to a very appreciable reduction in stiffness [Priestley 
1998, Paulay 2000, Park 2001] with the exception being where low reinforcement contents are used 
such as occurs in many walls.  In this situation tension stiffening of the concrete masks the drop in 
stiffness [Fenwick & Bull, 2000]. If realistic stiffness values are used in seismic design for beams and 
columns, it is found that the structural ductility is limited by the inter-storey drift limits specified in 
codes of practice.  In this context it should be noted that the effective stiffness values recommended in 
the NZ Structural Concrete Standard [NZS3101-1995], were derived from a period when grade 300 
reinforcement was widely used for seismic resistant structure.  These values are too high for use with 
beams designed with grade 500 reinforcement, and hence lead to non-conservative stiffness 
assessments. 

3 STRUCTURAL CONCRETE STANDARD (NZS3101) AND BOND CONTROL IN BEAM 
COLUMN JOINTS 

The Structural Concrete Standard, NZS3101-1995, contains two alternative expressions which are 
used to control bond stresses on beam bars passing through beam column joint zones.  This is achieved 
by limiting the diameter of bars that may be used.  The less conservative of these expressions is 
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where db is the diameter of the bar and hc is the depth of the column.  The top bar effect is allowed for 
by αt which has a value of 1 for bottom bars and 0.85 for bars with a concrete depth of 300mm or 
more.  The influence of axial load on the columns is allowed for by αp.  This factor has a value of 1.0 
for axial load ratios, N/Ag f′c, of less than 0.1, and it increases with higher axial load ratios.  The factor 
αs allows for the ratio of As / A′s in the beam. With equal top and bottom reinforcement this factor is 
1.55.  The value of αf is 1.0 for one-way joint zones and 0.85 for two-way actions, and �αo fy� is the 
over-strength reinforcement stress level assumed to act in tension in the beam at the column face. 

Under a major earthquake, where reversing plastic hinges form against the column faces, the 
compression force resisted by the compression reinforcement on one side of the joint, has been 
assumed to be 70 percent of the yield tension force in the tension reinforcement [NZS3101 C11.4.4.1].  
This assumption together with equation 2 can be used to determine the limiting average bond stress for 
beam bars passing through a column.  For a beam in a one-way frame, with equal top and bottom 
reinforcement and axial load ratio of less than 0.1, the limiting average bond stress values are 1.4 √ f′c 
for top bars and 1.65 √ f′c for bottom bars.  It should be noted that these stress levels are independent 
of the yield stress of the longitudinal reinforcement. 
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4 TEST UNITS AND LOADING SEQUENCE 

4.1 Design of units 

To examine the bond performance of grade 500 reinforcement in internal beam-column joints and to 
assess the influence that this grade of reinforcement has on stiffness, three beam column sub-
assemblies were built and tested.  The principal dimensions of the units are given in Figure 5 together 
with the loading and reaction positions. 

Beam-Column Joint
    Side Elevation

Beam-Column Joint
       Top View

Column Fixing Points

Reversing jack

Figure 5.  Principal dimensions of beam-column joint test units. 

 

All 3 beam-column joint units were designed to conform, as far as practical, with the minimum 
requirements of the current Concrete Standard, [NZS3101:1995]. The beams were 500 mm deep by 
200 mm wide with equal areas of top and bottom reinforcement.  The column dimensions were 520 
mm deep by 360 mm width.   The units were cast on their side, which effectively eliminates the top 
bar effect as the depth of concrete at casting below the bars is in all cases less than 300mm.  The 
results of a further unit tested by Young [1998] are also described.  The leading dimensions were the 
same for this unit with the exception that the width of the column was 300 instead of 360 mm. 

The least conservative of the two bond criteria given in the Structural Concrete Standard [NZS3101] is 
given by equation 2.  In this case the actual yield strength of the beam bars, which had been 
determined by testing (588 MPa for units 1-3, and 519 for the Young unit), was used instead of the 
design strength in the equation.  Consequently, there was no need to include that portion of the over-
strength factor, αo, which allowed for the difference between the design (lower characteristic strength) 
and the upper characteristic strength.  Hence for αo a value of 1.1 was used to allow for strain 
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hardening, instead of the code value of 1.25, which allowed for both strain hardening and the 
difference between the design and likely yield strength.   The maximum permissible bar diameters 
together with details of the reinforcement and concrete properties for the 4 units are given in Table 1.  
In all cases the bars sizes met the criteria in the Standard.  

Table 1: Material properties and reinforcement details of test units. 
 f′ c test 

(MPa) 
Beam Bars 

No.      fy (MPa) 
vjh 

(MPa) 
db max) 

Eq. 1 
Pw 

Beam 
Column bars* 

Outside                  Inside 

Young #1 49.2 2x5-D16H   519 5.62 24.7mm 0.0113 8-D16                      6-D16 

Amso #1 29.3 2x3-D16H  588 3.10 16.8mm 0.0064 4-D16+4-D12         4-D12  

Amso #2 40.4 2x6-D16H  588 6.22 19.8mm 0.0131 10-D16       4-D16+2-D20 

Amso #3 40.9 2x3-D16H  588 3.09 19.9mm 0.0064 4-D16+4-D12         4-D12 
*yield stress of all column bars in excess of 500 MPa. 

4.2 Loading sequence 

All units were loaded with the same sequence of loading.  At least 2 elastic load cycles, which 
involved inducing ±75% of the beam�s nominal moment, Mn, at the column faces, were applied to 
check all the instrumentation and assess the pre-yield stiffness of the units.  The ductility one drift was 
assessed by multiplying the average of the peak displacements measured in the elastic load cycles by 
the ratio of the nominal flexural strength to the maximum bending moment applied in the elastic load 
cycles.  This was followed by displacement controlled double reversing cycles to 2%, 3%, 4% and 5% 
lateral drift, with additional load cycles being applied until there was a major decrease in strength.  
The units were extensively instrumented so that the sources of deformation could be assessed during 
the tests.  

5 TEST RESULTS 

5.1 General observations 

There were similarities in the behaviour of all the sub assemblies.  In the elastic load cycles diagonal 
cracks formed on the joint zones and flexural cracks developed in the beams and columns.  With the 
application of the inelastic load cycles the cracks in the columns and joint zones did not exceed 0.3mm 
in width, which indicated that this reinforcement did not yield to any appreciable extent.  With the first 
sets of inelastic load cycles yielding developed in the beams and an appreciable crack formed at the 
face of the column indicating that significant yield penetration occurred.  After a number of inelastic 
cycles bond failure occurred in the beam reinforcement which passes through the joint zone.  There 
was no apparent crushing of the concrete or appreciable distress of the joint zone at this stage of the 
test.  This clearly indicated that the loss of strength and stiffness was due to a bond failure and not due 
to yielding of joint zone shear reinforcement or crushing of the concrete.  This failure was evident 
from a marked loss of stiffness at low load levels and a loss of strength, and the load and displacement 
at which this failure occurred was assessed from the load deflection relationship of the unit.  Figure 6 
plots the column storey shear versus the percentage storey drift loops for Amso�s #3 unit.  This loss of 
strength appeared to prevent any further yielding from occurring in the beams.   Any additional 
deformation appeared to arise due to yielding of the beam reinforcement in the joint zone and slip of 
this reinforcement through the joint.  

Table 2 summarises the observations on bond in the four tests, together with a number of bond related 
parameters.  For these tests the code bond criterion, which is given in equation 2, corresponds to a 
coefficient of 3.52 times the value listed in column 4 of the table.  Values smaller than 3.52 indicate 
the bond criterion is satisfied.   
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Figure 6.  Column shear versus % storey drift for test unit Amso 3. 

 

Table 2: Bond failure in test units. 
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Bond failure apparent in- 

Young 4.0          0.045 0.118 2.19 33  2nd cycle to 4.5% drift 

Amso 1 1.6         0.017 0.129 3.34 11 1st. Cycle to -2.5%drift 

Amso 2 2.5          0.034 0.191 2.85 17 1st  cycle to 4.3% drift 

Amso 3 4.0          0.028 0.092 2.83 10 1st cycle to 3.5% drift 
1 from maximum value in the same direction. 

From the table it can be seen that bond failure occurred well before the traditional design ductility 
values used for ductile moment resisting frame structures were reached.  In addition it should be noted 
that bond failure was generally accompanied by a loss of strength.  The reduction in strength generally 
increased with the magnitude of the displacement sustained prior to failure. 

5.2 Stiffness of  beam � column sub-assemblies 

The inter-storey drifts sustained at the peaks of the elastic load cycles in the four units were averaged 
and the values are listed in Table 3.  In the same table these experimental values are compared with 
calculated deformations.  One further �analytical� sub-assembly is considered. This was modelled on 
the unit tested by Young [1998], but in this case the 519 MPa reinforcement was replaced with grade 
300 reinforcement in such a way that the nominal strengths of the beams and columns were not 
changed.   

The calculated deformations listed in Table 3 were found using measured concrete strengths and 
reinforcement yield stresses.  In addition the concrete was assumed to have an unrestrained shrinkage 
of 325x10-6 and a creep factor of 2.0.  These values were assessed as typical for concrete with the 
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dimensions of the test units at an age of 75 days [Bryant et al].  The beam and column deformations 
were determined from curvatures calculated at regularly spaced sections along the members.  Shear 
deformation was neglected except in the beam-column joint zone.  This value was assessed by 
assuming no slip occurred between the reinforcement and the concrete and that the stress in the 
longitudinal reinforcement passing through the joint zone varied as a parabola between the faces of the 
joint zone, as illustrated in Figure 7. 

Table 3: Calculated and measured displacements in test units. 

Unit Ductility 1 
drift  Drift and force at 0.75 Mn Calculated proportions of 

drift 

 Measured drift  measured calculated Force1 (kN) Beams Columns Joint 
Young 1 0.0116 0.00871 0.0072 82.7 0.55 0.24 0.21 
Amso 1 0.0116 0.00873 0.0070 59.8 0.58 0.18 0.24 
Amso 2 0.0130 0.00978 0.0086 111.8 0.56 0.25 0.19 
Amso 3 0.0114 0.00853 0.0058 60.8 0.63 0.10 0.27 

Analytical 1 - - 0.0046 82.7 0.58 0.25 0.17 
1 Force applied to each beam 

A number of aspects are apparent from the results contained in Table 3.  Firstly, the inter-storey drifts 
sustained at a displacement ductility of 1.0 are of the order of 1 percent in the sub-assembly units 
reinforced with grade 500 reinforcement.  Such values limit the acceptable structural ductility factor as 
the maximum inter-storey drift is not permitted to exceed 0.025 in the most advantageous condition in 
the NZ Loading Standard [1992]. Over-seas codes of practice contain similar inter-storey drift limits 
[Fenwick et al, 2002].   Secondly most of the deformation arises in the beams and joint zones.  
Replacing the longitudinal reinforcement in these members with grade 300 reinforcement results in a 
significant increase in stiffness and available structural ductility factor, as the calculated values for the 
�analytical� sub-assembly indicate. 
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Figure 7.   Stress distribution used to calculate shear deformation of joint zone. 

6 DISCUSSION AND CONCLUSIONS 

1. Four internal beam-column sub-assemblies were built using grade 500 longitudinal 
reinforcement in the beams and columns.  The detailing complied, as closely as was practical, 
with the minimum requirements of the New Zealand Structural Concrete Standard [NZS3101-
1995]. 

2. In all the units bond failure occurred on the beam reinforcement where it passed through the 
joint zone at ductility levels well below those currently used in the design of ductile moment 
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resisting frames.  These failures were accompanied by a loss of stiffness at low load levels and 
by a loss of strength. 

3. Analytical calculations indicate that the proportion of strength that is lost when bond failure 
occurs increases as the proportion of longitudinal reinforcement is increased.  For flexural 
tension reinforcement proportions of less than 0.08 f′c/fy it is suggested that the loss of strength 
would not have a significant influence on the seismic performance of a structure designed to 
meet the current code requirements.  For higher reinforcement proportions some further 
reduction in the permissible bar diameter is required to avoid excessive premature strength and 
stiffness loss. 

4. The stiffness of the units in the pre-yield load cycles was assessed and these values were found 
to be in reasonable agreement with analytical values.  However, the low stiffness of the units, 
which was due to the high strains and low steel contents with grade 500 reinforcement, 
severely limits the structural ductility factor that can be used if code specified inter-storey drift 
limits are to be complied with.  

5. It is recommended that grade 300 reinforcement should be used in the beams of ductile 
moment resisting frames.  The use of grade 500 reinforcement severely limits the ductility level 
that can be used, and the bar diameter required to prevent premature bond failure when 
moderate to high reinforcement proportions leads to congested reinforcement details.   
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