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ABSTRACT: Seismic assessment of reinforced concrete buildings designed to out-dated 

design codes has attracted more and more attention in recent years. There have been 

extensive research activities around the world, and most of the approaches have been 

developed based on the test evidence with deformed longitudinal reinforcing bars. 

However, the majority of the existing reinforced concrete building stock in New Zealand 

contains plain round reinforcing bars because deformed bars were not available before the 

1960s.  

There has been testing on the cyclic behaviour of reinforced concrete members with plain 

round reinforcing bars.  The tests, although limited number, revealed a very different 

mechanism compared to that in reinforced concrete members with deformed reinforcing 

bars. The assessment procedures currently available have not given any consideration to 

identify the proper mechanism for reinforced concrete members based on the type of the 

reinforcing bars.  

This paper addresses the issues associated with the type of the reinforcing bars by 

comparatively examining the observed cyclic behaviour of reinforced concrete members 

for different reinforcing bar types with respect to the current assessment procedures.  

1 INTRODUCTION 

Seismic design standards for concrete structures have experienced a fundamental change in the 1970s 

around the world (Park 1981). The major developments of the current generation of seismic codes are 

in the understanding of the structural post-elastic dynamic behaviour during a major earthquake, the 

introduction of capacity design philosophy and the methods for detailing and proportioning to achieve 

a ductile structural behaviour in a major earthquake. As a result, the existing reinforced concrete 

buildings designed to out-dated codes could be inadequate with respect to the current code 

requirements, and there is a real need for assessing the seismic performance of the existing buildings 

designed to out-dated codes. The earthquake damage observed in recent earthquakes, such as the 1995 

Great Hanshin Earthquake in Japan and the 1985 Mexico earthquake, gave further impetus to research 

into seismic assessment. For instance, the Great Hanshin Earthquake in 1995 in Japan (Park 1995) 

revealed that the reinforced concrete buildings, which were constructed before 1981 when the modern 

seismic design code came into effect, suffered much more extensive damages in comparison with the 

buildings designed to the modern codes.  

As a consequence, there has been an increased emphasis worldwide in recent years in the seismic 

assessment of existing reinforced concrete structures and strengthening where necessary to improve 

their seismic performance. In the last two decades, considerable work has been done in investigating 

by testing the post-elastic behaviour of as-built reinforced concrete members and assemblies. Also 

there has been developments in the detailed seismic assessment procedures capable of considering the 

global structural behaviour in the post-elastic range, which is the philosophy underlying the current 

seismic design standards. The test observations have been well incorporated into the detailed seismic 

assessment procedures such as ATC40 and FEMA 440.  



2 

In New Zealand, a series of research programmes on Seismic Assessment and Retrofit of Existing 

Reinforced Concrete Structures have been carried out, and the information obtained on the non-linear 

behaviour of the existing reinforced concrete members has been largely incorporated into the current 

seismic assessment procedure recommended by the New Zealand Society of Earthquake Engineering 

(NZSEE 2006), which will be referred to as the NZSEE procedure. The as-built test units had typical 

reinforcing details of pre-1970s construction and the majority of the tests had deformed longitudinal 

reinforcing bars. The tests on as-built units with deformed bars reveal that the non-linear behaviour of 

the existing reinforced concrete members and assemblies is likely to be limited by the premature shear 

failure in the members or beam-column joints (Hakuto 1995). This occurs because the shear strength 

degrades fast as the deformation progresses and the members starting with the flexural yielding can 

end up with the premature shear failure. Therefore the NZSEE procedure (NZSEE 2006) puts a greater 

effort in addressing the shear strength degradation with the progress of the deformation in assessing 

the post-elastic performance of existing reinforced concrete buildings. However, the deformed bars 

were not commonly available before the 1960s in New Zealand, and the observed non-linear 

behaviour of existing members reinforced by plain round bars (Liu 2001, Calvi et al., 2002, Pampanin 

et al.,. 2002, Pampanin, 2004) has fundamentally different failure mechanisms to those with deformed 

bars. Therefore, the assessment using the NZSEE procedure does not address properly existing 

reinforced concrete buildings containing plain round longitudinal bars.  

This paper therefore is to identify the appropriate issues associated with the post-elastic behaviour of 

as-built reinforced concrete buildings reinforced by plain round longitudinal bars by studying 

comparatively the observed post-elastic behaviour of the as-built reinforced concrete units with 

deformed longitudinal bars in comparison with the case with plain round longitudinal bars. 

2 OBSERVED EVIDENCE OF AS-BUILY TESTS WITH PLAIN ROUND LONGITUDINAL 

BARS  

 

Figure 1. Reinforcing Details of As-Built Interior Beam-Column Joint Unit 

In New Zealand, many simulated seismic loading tests on the as-built reinforced concrete test units 

have been conducted, and the majority of the tests contained the deformed longitudinal reinforcement. 

At the University of Canterbury, a multi-stage research program “seismic assessment and retrofit of 

existing reinforced concrete structure” has been carried out in the last two decades. Two projects 



3 

among many projects had involved identical test units but different reinforcing bar types in order to 

investigate the effect of reinforcing bar types on the likely seismic performance of as-built reinforced 

concrete buildings. Namely, one project had the longitudinal reinforcing bars from deformed bars 

(Hakuto, Park, Tanaka 1995), and the other project had the longitudinal reinforcing bars from plain 

round bars (Liu, Park 2001). The test units were all full-scale replicas of interior and exterior beam-

column joints of an example reinforced concrete frame building constructed in the 1950s in New 

Zealand, and the reinforcing details of two as-built test units are shown in Figures 1 and 2.  

 

Figure 2. Reinforcing Details of As-Built Exterior Beam-Column Joint Unit 

Theoretical assessment using NZS3101: 2006 and NZSEE procedure of the test units shown in 

Figures 1 and 2 are summarised in Table 1 and Table 2. 

Table 1. Theoretical Flexural Strengths  

 Beam Negative  

(kN-m) 

Beam Positive 

(kN-m) 

Column 

kN-m 
beam

column

M

M





 

Unit 1 250 129 108 0.63 

Unit 2 129 190 120 1.16 

It is evident from the Tables that the as-built interior beam-column joint unit would develop a weak 

column-strong beam mechanism according to the member flexural strengths. NZS3101: 2006 

concluded that the beams and columns were very inadequate in the shear performance, and the 

columns were also inadequate in the requirement for the lateral restraints of longitudinal 

reinforcement.  In detail, the member shear capacity was only about 40-50% of the shear demand, and 

the capacity for the lateral restraints of column longitudinal bars was only 60% of the demand. The 

NZSEE procedure concluded that the members had sufficient shear capacity to precluded premature 
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shear failure, but joint shear capacity was inadequate and the joint shear capacity was about 55% of 

the shear demand. The NZSEE procedure does not have a methodology for assessing the required 

transverse reinforcement for the lateral restraints of longitudinal bars.  

Table 2. Shear Demands and Shear Capacities of Beams, Columns, and Joints and Lateral Restraints of 
Longitudinal Bars 

Unit 

Parts  

Shear Requirement Transverse Reinforcement for Lateral Restraint of 

Longitudinal Bars in Plastic Hinge Zones 

 
Max. Imposed 

Shear Force  

(kN) 

Shear Force 

Capacity  

(kN) 

Required Amount Actual 

Amount 

Unit 1 Unit 2 Unit 1 Unit 2  Unit 1 Unit 2 Unit 1 Unit 2 

Beam 67 113 146 

(204) 

22 

(59) 

Spacing (mm) 115 115 380 380 

Area per set (mm
2
) 91 68 57 57 

Column 80 68 41 

(134) 

147 

(304) 

Spacing (mm) 75 153 230 305 

Area per set (mm
2
) 60 43 113 57 

Joint 

(H) 

483 368 (268) (361) Spacing (mm) 200 200   250 

Area per set (mm
2
) 79 79 0 57 

Notes:   

1.  (H) = horizontal direction  

2.  Maximum imposed shear forces and shear force capacities are calculated assuming that the 

plastic hinges formed in the columns of Unit 1 and in the beam of Unit 2; and the maximum 

imposed shear forces are calculated assuming that the Units reached their flexural strengths at 

the plastic hinges.  

3.  Shear force capacities shown without brackets are those calculated using the methods of 

NZS3101: 2006 for ductile frames at the plastic hinges and for elastic behaviour elsewhere.  

4.  Shear force capacities shown with brackets are those calculated using the methods of the 

NZSEE procedure assuming curvature ductility factor greater than 10 at the plastic hinges and 

elastic behaviour elsewhere.   

For the as-built exterior beam-column joint unit, it is evident from the Tables that the beam would 

develop plastic hinge during the simulated seismic loading test. NZS3101: 2006 concluded that the 

shear capacity of the beam was only 20% of the shear demand on developing the flexural strength, and 

the transverse reinforcement provided for the beam and the columns were respectively 25% and 65% 

of the required amount for the lateral restraints of the longitudinal bars. NZSEE procedure concluded 

that the columns had adequate shear capacity to preclude the premature shear failure but the beam 

shear capacity was only about 55% of the shear demand at developing the beam flexural strength, and 

the joint shear capacity was only 38% of the demand.  

Figure 3 and Figure 4 show the final appearance of the simulated seismic loading tests at the 

completion of the simulated seismic testing. The tests demonstrate that the seismic performance of the 

as-built beam-column joint assemblies, therefore the as-built reinforced concrete buildings, would be 

very different in many aspects if different reinforcement type is used.   

As shown in Figure 3, the premature shear failure for the members and the joint regions, which were 

predicted by NZS3101:2006 and by NZSEE procedure, did not occur when the plain round 

longitudinal bars were used. Clearly, neither the current code NZS3101: 2006 nor the current seismic 

assessment procedure in NZ (NZSEE 2006) would give a good indication of the possible shear 

performance of the as-built units. This means that neither the current code NZS3101: 2006 nor the 

current seismic assessment procedure is adequate for assessing the seismic performance of the existing 
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reinforced concrete buildings when the longitudinal bars are from plain round bars. 

 

(a) Unit with plain round longitudinal bars (b) Unit with deformed longitudinal bars 

Figure 3. Final Appearance of the As-Built Interior Beam-Column Joint Units 

 

(a) with plain round longitudinal bars (b) with deformed longitudinal bar 

Figure 4. Final Appearance of the As-Built Exterior Beam-Column Joint Units 

The failure mechanism is very different depending on the reinforcing types used. Unlike the case with 

deformed longitudinal reinforcement where the shear failure in the joint (Unit 1) and the shear failure 

in the beams and the joint (Unit 2) triggered the final failure, the column bar buckling and severe bond 

slip within and adjacent to the joint region triggered the final failure when the plain round longitudinal 

bars were used. As a result, the initial stiffness at first yield and the attained force strength were lower 

as a result of the use of plain round longitudinal reinforcement. This can be seen from Figure 5, which 

shows the observed storey-shear versus storey-displacement hysteresis loops for the as-built interior 

beam-column joint unit. In comparison with the test on the otherwise identical unit but reinforced by 

deformed bars, the attained force strength was only 85% and the attained initial stiffness at first yield 

was about 65%. For the reinforced concrete members with plain round bars, the rotational ductility, 

rather than the curvature ductility, was found to be a much better deformation index.  

The observed post-elastic behaviour varies significantly depending on the reinforcing type used. For 

the as-built reinforced concrete members with plain round longitudinal bars, the post-elastic behaviour 

was mainly governed by the flexural behaviour at the fixed-ends (the beam-column interfaces), and 

the post-elastic deformation did not spread to a bigger region as conventionally called “plastic hinge 

region”. The deformation components attributed to the fixed-end rotations of the flexural weaker 
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member(s) grew significantly as the deformation progressed and reached up to nearly 80% of the total 

deformation.  Therefore the non-linear behaviour was mainly limited to the flexural behaviour at the 

fixed-ends of weaker members. In comparison, the test on the as-built interior beam-column joint unit 

(Unit 1) with deformed bars revealed that the displacement component by the joint deformation kept 

increasing and reached up to 30% of the total deformation at the final stage of the testing. The test on 

the as-built exterior beam-column joint unit (Unit 2) with deformed bars revealed that the 

displacement components respectively by the joint shear deformation and the beam shear deformation 

kept increasing, and they reached respectively up to about 30% and 25% of the total deformation. 

Therefore, the non-linear performance of the buildings is associated with not only the flexural 

behaviour of the weaker members but also the shear performance of the members and the joint if the 

longitudinal bras are from deformed bars. In comparison, the non-linear performance of the existing 

reinforced concrete buildings is only limited to the non-linear flexural behaviour at the fixed-ends of 

the weaker members when the longitudinal bars are from plain round bars. This indicates that the 

seismic assessment of the existing reinforced concrete buildings reinforced by plain round longitudinal 

bars should no longer use NZSEE procedure, which has a great focus on the iterative shear strength 

degradation check as the seismic actions progress.  

In a word, the assessment of the existing reinforced concrete buildings reinforced by plain round 

longitudinal bars should really address the low flexural strength, low stiffness and significant strength 

degradation associated with the potential column bar buckling and the bond degradation. The shear 

strength degradation as the deformation progresses, although essential if the buildings contain 

deformed longitudinal bars, is no longer an issue if the buildings contain plain round longitudinal bars.  
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Figure 5. Observed Storey Shear versus Storey Displacement Curves 

3 THE SEISMIC ASSESSMENT PROCEDURES IN NZ 

Figure 6 shows the summarised seismic assessment procedures recommended by NZSEE. For the 

existing reinforced concrete buildings, the probable flexural strengths is recommended to be 

determined using the conventional theory and a strength reduction factor of unity, and the probable 

shear strengths is recommended to be determined using a less conservative approach than for the new 

building design. The iterative check “Will degradation limit hinge rotation capacity?” aims at finding 

out whether or not the shear strength degradation with the progress of the deformation will hinder the 

rotational capacity of the plastic hinges. This was attributed to the observed shear strength degradation 

with the deformation development of the as-built reinforced concrete units with deformed longitudinal 

bars. The current seismic assessment procedure in NZ was recommended by NZSEE. This procedure, 

although briefly mentioning the need for considering the effect of the possible column bar buckling 

and the effect of bond degradation on the moment capacity in a couple of places, does not give any 

methodology for the consideration of these effects.  
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Figure 6. Consolidated force/displacement based assessment procedure (NZSEE 2006) 

As revealed by the simulated seismic loading tests on the as-built beam-column joint assemblies, the 

severe bond degradation along the longitudinal bars could occur due to the use of plain round 

longitudinal reinforcement. As a result, the attained moment capacities and initial stiffness of the 

members could be significantly lower than those conventionally determined. Meanwhile the shear 

performance of the members and the joints would be much less problematic than predicted 

theoretically.  

Therefore there is a need for distinguishing the failure mechanism and the proper method for 

determining the capacities and the stiffness in modelling the post-elastic behaviour for different 

reinforcing bar types. It is also necessary to develop a proper method for modelling the strength 
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degradation in association with the bar buckling and bond slip due to the use of the plain round 

longitudinal bars. 

4 DISCUSSIONS AND CONCLUSIONS 

The simulated seismic loading tests on the as-built reinforced concrete beam-column joint assemblies 

show that the post-elastic behaviour of existing reinforced concrete buildings could be very different if 

they contain different longitudinal reinforcing bars. A majority of the existing reinforced concrete 

building stocks in NZ contain plain round longitudinal bars because the deformed bars were not 

available before the 1960s. The current concrete code NZS3101: 2006 and the current seismic 

assessment procedure (NZSEE procedure), which were developed mainly based on the case with the 

deformed reinforcing bars, could be misleading in predicting the likely seismic performance of the 

existing reinforced concrete structures reinforced with plain round longitudinal bars. There is a need 

for distinguishing the critical issues associated with the different reinforcing bar types.  

When the existing reinforced concrete buildings contained deformed longitudinal bars, significant 

shear strength degradation was observed as the displacement progressed. As a result, the members 

which yielded in flexure first could end up with the premature shear failure, and the non-linear 

behaviour was significantly attributed to the shear failure in the members and the joint. This 

observation has been appropriately incorporated into the current seismic assessment procedure 

recommended by NZSEE, which has a great effort to keep checking the shear strength degradation as 

the imposed deformation increases.  

When the existing reinforced concrete buildings contained plain round longitudinal bars, the 

premature shear failure in the members and joints was much less problematic, in comparison with the 

prediction by either NZS3101 or NZSEE procedure. The current seismic assessment procedure in NZ 

would not properly identify the failure mechanism of the reinforced concrete frame buildings with 

plain round longitudinal reinforcement. Hence more studies need to be done to develop a proper 

procedure for assessing the seismic performance of the existing reinforced concrete buildings with 

plain round longitudinal bars.  

When the existing reinforced concrete buildings contained plain round longitudinal bars, the non-

linear seismic behaviour of the existing reinforced concrete buildings was limited to the fixed-ends of 

the members. The adequacy of the non-linear analysis is determined by the adequacy of modelling the 

flexural behaviour at the member fixed-ends. The observed low attainment of the flexural strength and 

stiffness of the members due to severe bond degradation and column bar buckling, when in 

comparison with the case with deformed longitudinal reinforcing bars, should be allowed for. The 

significant overall strength degradation should also be adequately modelled.  

The views expressed are solely views of the author. Any discussions should be directed to the author. 
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