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SEISMIC DESIGN CONSIDERATIONS OF THE PROPERTIES OF 
NEW ZEALAND MANUFACTURED STEEL REINFORCING BARS 

T. Andriono1 and R. Park2 

SYNOPSIS 

A statistical study is carried out to investigate the 
probable stress-strain properties of Grade 275 and Grade 38 0 
reinforcing steel manufactured in New Zealand for reinforced 
concrete construction. The investigation is based on extensive 
measured data obtained from Pacific Steel Ltd and from 
University of Canterbury research projects. 

The results obtained from this statistical study are used 
to calculate the 5% lower-tail normal probability value of the 
yield strength, which is considered to be more appropriate for 
use in the strength design of reinforced concrete members than 
the specified minimum yield strength. 

The results obtained from this statistical study are also 
used to re-evaluate the values of the currently recommended beam 
flexural overstrength factors used in seismic design in New 
Zealand, namely 1.25 if Grade 275 steel is used as flexural 
reinforcement and 1.40 if Grade 38 0 steel is used as flexural 
reinforcement. For this purpose, moment-curvature analyses 
incorporating an appropriate stress-strain model for the steel 
reinforcement and the Monte Carlo simulation technique are 
conducted to study the likely increase in the flexural strength 
above the ideal moment capacity of reinforced concrete members 
at high curvatures. Improved values for the flexural 
overstrength factors are recommended. 

1. INTRODUCTION 
New Zealand codes [1,2] require that 

ductile reinforced concrete structures should 
be the subject of capacity design to ensure 
that non-ductile failure modes , such as 
soft-storey column mechanisms or shear 
failures, do not occur. In the capacity 
design approach, parts of elements of the 
primary earthquake load resisting system 
are detailed for adequate ductility. 
Sufficient strength is then provided to all 
other possible mechanisms of failure to 
ensure that the chosen ductile mode of 
inelastic deformation can be maintained 
during severe seismic loading. For ductile 
reinforced concrete moment resisting 
frames and structural walls the inelastic 
behaviour is designed to occur by flexural 
deformation at ductile plastic hinge 
regions. 

In capacity design it is obviously 
important to be able to calculate the 
likely variations in the flexural strength 
of members, which in turn requires 
information on the likely variations in the 
strengths of the materials used. 
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Generally the actual strengths of the 
steel and concrete are greater than the 
specified strengths. Also, previous 
investigations [4,5] have shown that the 
increase in steel stress due to strain 
hardening at strains greater than at yield 
can cause a significant increase in the 
flexural strength of members. To avoid 
adverse consequences of these strength 
increases, commonly referred to as 
"overstrength", it is usual in seismic 
design to calculate the shear forces in 
beams and beam-column joint cores, and the 
input moments and axial forces into columns, 
on the basis of a longitudinal steel stress 
at the beam plastic hinge regions which is 
greater than the specified yield strength 
of the reinforcing steel. The Commentary 
of the New Zealand concrete design code 
[3] recommends for beams flexural over-
strength factors of 1.25 for Grade 275 
longitudinal steel and 1.40 for Grade 
380 longitudinal steel. These flexural 
overstrength values appear to have arisen 
[5] for Grade 275 steel from a likely steel 
yield strength which is 15% greater than 
the specified yield strength plus a 10% 
increase due to strain hardening, and for 
Grade 38 0 steel from a likely steel yield 
strength which is 6% greater than the 
specified yield strength plus a 34% 
increase due to strain hardening. These 
currently used flexural overstrength 
factors are rounded approximate values based 
on the limited data on New Zealand 
manufactured reinforcing steel available 
in the 1970s. 
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This paper presents a re-evaluation 
of the overstrength factors for concrete 
members reinforced with New Zealand 
manufactured steel. First, a statistical 
study was carried out to investigate the 
likely variations in the yield strengths 
and in the other stress-strain properties 
of reinforcing steel manufactured by 
Pacific Steel Ltd based on the extensive 
measured data now available. Then, 
theoretical moment-curvature analyses were 
conducted for a range of reinforced 
concrete sections. The analyses 
incorporated the Monte Carlo simulation 
technique to obtain the beam flexural 
overstrengths taking into account the 
likely variations in the steel and 
concrete properties. Flexural overstrength 
factors for use in capacity design are 
suggested as a result. The results of 
this study may be seen reported in more 
detail elsewhere [6]. 

2. STATISTICAL STUDY OF THE STRESS-
STRAIN PROPERTIES OF NEW ZEALAND 
MANUFACTURED REINFORCING STEEL 

2.1 General 

The New Zealand manufactured Grades 
275 and 38 0 steel reinforcing bars for 
concrete are covered by NZS 3402P :1973 [7] . 
The New Zealand concrete design code 3101: 
1982 requires that only deformed bars shall 
be used for longitudinal non-prestressed 
reinforcement. NZS 3101:1982 also requires 
that Grade 275 plain round bars shall be 
used for transverse reinforcement, except 
that Grade 380 plain bars of up to one-half 
the diameter of the longitudinal bars may 
be used as transverse reinforcement, 
provided that such plain bars are 
permanently identified. 

In view of these requirements, this 
study investigated the likely yield 
strengths and other stress-strain 
properties of Grades 275 and 380 deformed 
bars with a range of diameters from 10 mm 
to 32 mm as used for longitudinal reinforce­
ment , and the 1ikely yield strengths of 
Grade 275 plain round bars of 10 mm and 12 
mm diameters as usually used for 
transverse reinforcement. 

In the following sections an 
appropriate model for the stress-strain 
behaviour of steel bars is presented and 
then the variation of the basic parameters 
of that model are discussed and analysed 
statistically. 

2.2 Stress-Strain Behaviour of 
Reinforcing Steel 

A typical measured stress-strain 
relationship for reinforcing steel 
obtained from a monotonic tension test is 
shown in Fig. 1. The curve comprises 
three major parts, namely an initial 
linear elastic portion A-B up to the yield 
point, a yield plateau B-C with little or 
no increase in stress, and the strain-
hardening range C-D where stress again 
increases with strain until the maximum 
stress is reached. Beyond point D the 
remaining elongation takes place mainly 
over a small length of bar, where necking 

Fig. 1 Typical Measured Stress-Strain 
Relationship for Steel Bars Used In 
Reinforced Concrete Members. 

of the bar occurs, and the stress falls 
until fracture occurs at point E. The 
range D-E is less important than the 
first three parts of the curve. 

The slope of the linear elastic 
region is given by the modulus of elasticity 
of the steel E , which is generally taken 
as 200, 000 MPa s[2] . The stress at the 
yield point is referred to as the yield 
strength, f , and is a very important 
parameter of^the reinforcing steel. The 
effects of some factors on the yield 
strength of reinforcing bars will be 
discussed in detail later. The length of 
the yield plateau is generally a function 
of the strength of the steel. High-strength 
high-carbon steels usually have a much 
shorter yield plateau^ and also a smaller 
total elongation before fracture, compared 
to low-strength low-carbon steels. 

To ensure that the structure can 
perform in a ductile manner during severe 
seismic loading, it is neces sary for the 
steel to be able to undergo large plastic 
strains before fracture occurs. 

Generally the stress-strain curves 
for steel found from monotonic tension 
tests can be assumed to also represent the 
stress-strain relationship for steel in 
compression [4,5], although some differences 
have been observed to exist [8]. 

A reinforced concrete member will be 
loaded repeatedly during its life, leading 
to repeated loading and unloading of the 
reinforcing bars. Typical stress-strain 
behaviour for repeated loading of the same 
sign is illustrated in Fig. 2. If the 
steel stress is released before failure, 
recovery occurs along a stress-strain path 
parallel to the initial elastic branch. 
If loaded again, the same stress-strain 
path will be followed up to the original 
curve f with perhaps a small hystresis and/ 
or strain-hardening effect. However, 
generally the monotonic stress-strain curve 
is then followed as if unloading had not 
occurred. ' Hence repetitions of loading of 
the same sign can be idealised by sets of 
lines parallel to the original elastic 
branch, and the monotonic stress-strain 
relationship gives a good idealisation for 
the envelope curve of the repeated loading 
case [4,5]. 
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curve, with the origin at the initial 
position, will approximately describe the 
envelope curve for cyclic loading, 
providing that the loading occurs mainly 
in either the tensile strain region or the 
compressive strain region {see Fig. 3a). 
For more symmetrical tension-compression 
strain cycles, the envelope curve for 
cyclic loading rises above the monotonic 
stress-strain curve with origin at the 
original position (see Fig. 3b). 

In beams where the neutral axis is 
normally not deep in the section, the 
compression strains reached by the 
reinforcing steel will generally be much 
smaller than the tensile strains, which 
means that the stress-strain hysteresis 
loops will remain primarily in the pensile 
strain range. Therefore, for beams the 
monotonic stress-strain curve for the steel 
will generally give a good indication of 
the envelope curve for cyclic stress-strain 
behaviour for the steel. 

2.3 Monotonic Stress-Strain Model for 
Reinforcing Steel 

In this study the monotonic stress-
strain curve was used to approximate the 
envelope of the cyclic stress-strain 
behaviour of reinforcing steel in beams 
subjected to earthquake loading. The 
justification of this assumption is as 
discussed in the previous section. 

Various idealisations for the mono­
tonic stress-strain curve have been proposed. 
For example, both ACI 318-83 [10] and NZS 
3101:1982 [2] assume an elastic perfectly 

(b) With Symmetrical Strain Cycles 

Fig. 3 Typical Measured Stress-Strain Relationships for Steel With Cyclic (Reversed) 
Loading. 

STRAIN c 5 
Fig. 2 Typical Measured Stress-Strain 

Relationship for Steel With 
Repeated Loading of the Same Sign. 

During severe earthquake shaking, 
structures undergo cyclic (reversed) 
loading which may cause steel stresses well 
into the inelastic range. During cyclic 
loading the stress-strain relationship for 
reinforcing steel becomes quite different 
from that associated with repeated loading 
of the same sign. As shown in Fig. 3, 
after the first yield excursion the curve 
becomes non-linear at a stress much lower 
than the initial yield strength, due to 
the Bauschinger effect. This stress-strain 
behaviour is strongly influenced by 
previous strain history; time and temperat­
ure also have an effect [4,5,8,9]. 

Those previous investigations have 
also shown that the monotonic stress-strain 
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plastic stress-strain relationship for 
reinforcing steel which ignores the 
strength increase due to strain hardening. 
This simplification will result in a lower 
bound estimate of the flexural strength of 
reinforced concrete members, since during 
severe earthquake loading the actual 
flexural strength will be increased 
significantly by strain hardening of the 
reinforcing steel at strains far beyond 
its yield point. 

Many previous investigators have 
proposed idealisations for the monotonic 
stress-strain relationship of reinforcing 
steel including the strain hardening 
branch. An idealisation proposed by 
Mander et al [8], which has been shown to 
give excellent agreement with a wide range 
of stress-strain curves in tension and 
compression for New Zealand manufactured 
reinforcing steel, was adopted in this 
study. The idealisation is shown in Fig. 4 
and is defined by six basic parameters, 
namely the yield strength, f ; the 
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where p is the strain hardening power and 
can be determined by differentiating Eq. 4 
to give the tangent modulus : 
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Mander et al [8] found that the strain 
hardening branch was predicted very 
accurately by Eqs. 4 and 6. 

Fig. 4 Monotonic Stress-Strain Curve for 
Steel and the Six Basic Parameters. 

ultimate strength, f ; the strain at which 
strain hardening commences, e , ; the 
ultimate strain, e ; the modulus of 
elasticity, E g ; an8 u the modulus of strain-
hardening , E . The regions of the curve 
are expressed piecewise as follows: 

(a) Elastic Region (0 < £ g < e ) 

f = B^e s t s 
where the tangent modulus E 
yield strain e = f /E . 

y y s 

(1) 
E , and the 
s 

(b) Yield Plateau "sh; 

(2) 

where the tangent modulus E in this case 
is equal to 0. 

(c) Strain-Hardening Region (e . < e < e ) 
sn s su 

The definition of ultimate strain adopted 
here is the strain at which ultimate or 
maximum stress, f , occurs, rather than 
the fracture strain which occurs at a lower 
stress. Mander et al [8] found that the 
strain hardening modulus, E ^, was the only 
parameter necessary to define the strain 

The stress-strain model given by 
Eqs. 1,2,4 and 6 was used for the moment-
curvature analyses conducted in this study 
to evaluate the flexural overstrength of a 
range of reinforced concrete sections. 

Statistical studies of the six basic 
parameters (f , f ^, e . , , E g and E ^) 
of the stress^strtin mSfiel lr"e discusseS 
in the following sections. 

2.4 Source and Size of Samples 

A large data base of information on 
the yield strength, f , and the ultimate 
strength, f , is available from Pacific 
Steel Ltd o? UAuckland, who manufacture all 
the reinforcing steel produced in New 
Zealand. Since NZS 3402P:1973 [7] does 
not require the producer to provide a full 
stress-strain curve of the reinforcing 
steel, data on the other four basic 
parameters (eeV,, ê .., E_^ and E_) from 
Pacific Steel^ 

E , and , sh,_ . s . i s not extensive. 

In this study data from Pacific Steel 
Ltd for f and f f covering approximately 
the last x'ive years of reinforcing bar 
manufacture, was used. That data was 
supplemented by additional data for f , 
f , £ , , e , E , and E obtained during su sh su sh s reinforced concrete research projects at 
the University of Canterbury during 
approximately the last ten years. 
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The size of the sample (that is, the 
number of samples tested) and the source 
for each of the six basic parameters for 
deformed bars used for longitudinal 
reinforcement are listed in Tables 1 and 2. 
For Grade 275 plain round bars of 10 and 
12 mm diameter, used as transverse 
reinforcement, 352 sample results for f 
provided by Pacific Steel Ltd were ^ 
analysed. 

2.5 Variations in the Properties of 
Longitudinal Reinforcing Steel 

The variations of the six basic 
parameters for each grade of deformed bar 
reinforcement were investigated. The 
results of the statistical study are 
presented below. 

2.5.1 Yield Strength, £ 

The variation in steel yield strength 
depends on several factors. Mirza and 
MacGregor [11] have listed the following 
five causes of variation: 
(1) The strength of material itself. 
(2) The area of cross section of the bar. 
(3) The bar diameter. 
(4) The strain at which yield is defined. 
(5) The rate of loading. 
The above causes of variation are discussed 
in more detail below. 
(1) Variation in the strength of material 

Reinforcing steels, even if produced by 
the same manufacturer, have small variations 
in rolling and/or chemical processing from 

TABLE 1 : Samples Size and Source of Each Parameter for Grade 275 Deformed Bar 
Reinforcing Steel 

Parameters 
Diameter of Bars (mm) Total of 

C =i mrv 1 pe Parameters 
10 12 16 20 24 28 32 #6 #7 #9 

PS UC PS UC PS UC PS UC PS UC PS UC PS UC UC UC UC PS UC Sum 

f 
y 

54 - 200 - 434 14 306 8 264 7 108 1 152 - 1 - - 1518 31 1549 

f 
su 

54 - 200 - 434 13 306 7 264 7 108 1 152 - 1 - - 1518 29 1547 

sh - - - 12 - 8 - 6 _ 1 - 1 - - - 28 28 

e 
su - - - 5 - 1 - 1 - 1 - - - - - 8 8 

E 
s - - 12 - 8 - 6 - 1 - 1 - - - 28 28 

E . sh - - - 12 - 8 - 6 - 1 - 1 - - - 28 28 

Notes: PS = Pacific Steel Ltd 
UC = University of Canterbury 
#6 = 3/4 in; #7 = 7/8 in; #9 = 9/8 in (1 in = 25.4 mm) 

TABLE 2 : Samples Size and Source of Each Parameter for Grade 380 Deformed Bar 
Reinforcing Steel 

Diameter of Bars (mm) Total of 
Parameters 10 12 16 2 0 24 28 32 #6 #7 #9 Samples 

PS UC PS UC PS UC PS UC PS UC PS UC PS UC UC US UC PS UC Sum 

f 
y 

14 - 30 - 60 11 80 7 84 5 36 60 - - 1 1 364 25 389 

f 
su 

14 - 30 _ 60 10 80 7 84 5 36 60 - 1 1 364 24 388 

esh _ - _ - - 8 - 4 _ 4 - _ - 1 1 - 18 18 

£ 
S U - - _ - - 3 - - - - - _ - - 1 4 4 

E 
s 

- - - - - 7 - 4 - 4 _ - _ 1 1 - 17 17 

sh - - - - - 7 4 4 - - 1 1 - 17 17 

Notes: PS = Pacific Steel Ltd 
UC = University of Canterbury 
#6 = 3/4 in; #7 = 7/8 in; #9 = 9/8 in (1 in - 25.4 mm) 
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cast to cast. For this reason, a range 
of values for the measured yield strength 
should be expected. It is of interest to 
note that NZS 3402:P 1973 [7] specifies a 
minimum yield strength, above which all 
measured yield strengths must fall, but it 
does not specify a maximum yield strength 
which should not be exceeded. 

Table 3 shows the results of a 
statistical anlysis of the variation of the 
yield strength f which has occurred for 
New Zealand manufactured reinforcing steel. 
The columns headed "individual value'1 give 
results for all samples listed in Tables 1 
and 2, namely 1549 samples of Grade 275 
steel and 389 samples of Grade 380 steel. 
The columns headed "average value" give 
results for only the average value for the 
samples provided by Pacific Steel Ltd 
listed in Tables 1 and 2, namely 759 samples 
for Grade 27 5 steel and 182 samples for 
Grade 380 steel. It should be noted that 
the data from Pacific Steel Ltd is in the 
form of two values from each cast and those 
two values are represented by a single 
average value in the "average value" 
analyses. 

The differences between the mean 
yield strength, f , for the "individual 
value" and the "average value" in Table 3 
are not great. Also, the two values of 
yield strength taken from each cast of 
steel typically do not differ much from each 
other. Hence the analyses which follow are 
based on the "average value" from Pacific 
Steel Ltd. 

The distributions of the measured 
yield strengths for Grades 27 5 and 38 0 
steel f based on the "average value" 
samples, are shown in Figs. 5 and 6, 
respectively. The first step in analysing 
this data was to determine a suitable model 
for the distribution of yield strength. It 
was assumed that the distributions of these 
samples shown in Figs. 5 and 6 follow the 
theoretical standard normal distribution. 
Then this assumption was checked using 
Gaussian probability paper, which is 
constructed on the basis of the standard 
normal distribution, as demonstrated in 
Fig. 7. In this check the corresponding 
values of the variable f are plotted 
against the cumulative probabilities 
i/(n+1), where i is the number of samples 
for the corresponding variate f and n 
is the total number of samples.^ The 
linearity, or lack of linearity, of these 
sets of sample data compared with the 
straight line of the construction can be 
used as a preliminary basis for accepting 
or rejecting the assumed distribution as 
the appropriate distribution model. Further 
details concerning the technique of using 
probability paper are given elsewhere [12, 
13] . 

Figs. 8 and 9 show the usage of the 
probability paper for the "average value" 
samples of the yield strengths of Grades 
27 5 and 38 0 steel, respectively. Fig. 8 
reveals that the assumption of a normal 
distribution correlates very well for the 
samples of Grade 27 5 steel. Fig. 9 reveals 
that the assumption of a normal distribution 

TABLE 3 : Statistical Data for Yield Strength of Grades 275 and 380 Deformed Bar 
Reinforcing Steel 

Description Grade 275 Steel Grade 3 80 Steel 
* 

Individual 
Value 

~k k 

Average 
Value 

Individual 
Value 

** 
Average 
Value 

Total number of samples 1549 759 389 182 
Mean, f (MPa) 320.8 321.3 456. 0 457.8 
Standard Deviation (MPa) 16.1 15.5 27 . 6 26.3 
Coefficient of Variation (%) 5. 02 4.82 6. 05 5.74 
Maximum Value of data (MPa) 389.0 364.5 577.0 573.0 
Minimum Value of data (MPa) 260.0 277.0 360. 0 395.5 

Kolmogorov-Smirnov (KS) Test 
(a) Max. (absolute) Difference D

m a x 0.0388 0.0272 0.0630 0.0695 

(b) Critical Difference at significance 
level a = 1% 

a = 5% 
a = 10% 

0.0414 
0.0346 
0.0310 

0.0592 
0.0494 
0.0443 

0.0826 
0.0689 
0.0619 

0.1208 
0.1008 
0.0904 

Notes; * All existing samples are considered as individuals. 
** Only average values of each cast from Pacific Steel Ltd are considered. 
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Mean 
Std. Dev. 
Tot. Samples 

321.3 MPa 
/5.5MPo 

759 

Theoretical 
normal 
distribution 

280 290 300 310 320 330 340 350 

YIELD STRENGTH , fy (MPo) 

360 310 

Fig. 5 Histograms of Yield Strengths for Grade 275 Deformed Bar Reinforcing Steel 
Based on "Average Value" Samples. 

Fig. 6 Histograms of Yield Strengths for Grade 38 0 Deformed Bar Reinforcing Steel 
Based on "Average Value" Samples. 
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Fig. 8 Cumulative Frequency of the Yield Strengths of Grade 275 Deformed Bar 
Reinforcing Steel on Normal Probability Paper Based on "Average Value" 
Samples. 
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580 

560 

540 

CUMULATIVE FREQUENCY (%) 

Fig. 9 Cumulative Frequency of the Yield Strengths of Grade 380 Deformed Bar Reinforcing 
Steel on Normal Probability Paper Based on "Average Value" Samples. 

correlates less well for Grade 380 steel, 
particularly beyond the 98% probability, 
since, as shown in Fig. 6, there are three 
samples (out of 182) which have extremely 
high values. 

The Kolmogorov-Smirnov (KS) test was 
also conducted to check the goodness-of-
fit for the distribution of data [12,13]. 
The basic procedure of the KS test involves 
the comparison between the cumulative 
frequency of the existing data, S (x), and 
the assumed theoretical distribution, F(x). 
The difference between S (x) and F(x) is 

n 
D n = |F(x) - S n(x)| (7) 

where D is a random variable whose 
distribution depends on number of samples n. 
The maximum value of D^ is D

m a x # obtained 
as illustrated in Fig. n10. m 

D is then compared with a critical value 
vSiue D a for a certain significance level, 
fgr example 1%, 5% or 10%. Critical values 
D for various numbers of n and significance 
l e v e l s a are tabulated elsewhere [12, 13] . 
If the maximum difference is less than the 
critical value, the proposed distribution 
is acceptable at the specified significance 
level a . 

The KS test was conducted in this 
study using a Statistical Package Computer 
Program [14,15] which gives directly the 
maximum (absolute) difference value, D m a x • 
The results are listed in Table 3. 
It is evident that at a significance level 
of 1%, D for the samples of "individual 
value", an8 "average value" are lesg than 
the critical difference values of D 

n 

VARIATE 
Fig. 10 Comparison Between Observed and 

Proposed Cumulative Distributions. 

Even at a significance level of 10%, D 
for the samples of "average value" m a x 

are still less than the critical difference 
values. Hence it can be concluded that the 
assumption of a normal distribution of 
data is valid. 

The calculated values for the mean, 
standard deviation and coefficient variation 
for each population of reinforcing steel, 
based on the assumed normal distribution, 
are also shown in Table 3. Using the 
"average value" samples as a basis, the mean 
yield strength of Grade 275 steel is 
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321.3 MPa with coefficient of variation of 
4.82%, whereas for Grade 380 steel the mean 
yield strength is 457.8 MPa with coefficient 
of variation 5.74%. These results do not 
differ much from the statistical data of 
the "individual value" samples. However, 
the distribution of the "average value" 
samples show better agreement with the 
assumed normal distribution. 

(2) Variation in the area of cross-section 
of the bar 

Previous investigators have found that 
the actual cross sectional areas of 
reinforcing bars show some variation from 
the nominal areas, as a result of factors 
during the bar rolling process. If the 
determination of the steel yield strengths 
from the tensile test results are based on 
the actual areas, the effect of this 
variation would need to be taken into 
account. 

However since the yield strengths of 
all the existing samples were based on 
the nominal areas as specified in NZS 3402P: 
1973 [7], there is no need to consider the 
variation in bar area from the nominal area 
in this study. 

(3) Effect of bar diameter 

A possible variable affecting yield 
strength is bar diameter, since there may 
be differences arising from the rolling 
process. Figs. 11 and 12 show the 
measured yield strength values plotted 
against bar diameter for Grades 275 and 
380 steel reinforcement, respectively. 
It is evident that the yield strengths for 
various bar diameters vary with no pattern 
from the smallest to the largest bar 
diameter. Similar results were obtained 
by Mirza and MacGregor in their 
investigation [11]. 

(4) Effect of the strain at which yield 
strength is defined 

Variation in the strain at which 
yield strength is defined will cause some 
variation in the measured yield strength 
as discussed by Mirza and MacGregor [11]. 
However, this effect is irrelevant for 
this study, since the yield strength has 
been clearly defined by NZS 3402P.1973 [7], 
adopting the British Standard (BS)18:1971 
[17]. That definition for yield strength, 
followed throughout this study, is "a point 
of stress which is reached during the test 
at which plastic deformation, soon after 
it has been initiated, continues to occur 
at near constant stress". 

(5) Effect of loading rate 

It is necessary to consider the effect 
of the loading rate, since as has been 
discussed elsewhere [5,8], rapid loading 
can cause a significant increase in the 
yield strength. 

Mill tests on steel specimens are 
generally carried out at high loading 
rates. For example, Pacific Steel Ltd 
uses a high strain rate, with maximum 
value of 0.0 025/sec, as specified [17], in 

its tests . This maximum strain, rate is 
considerably higher than the quasi static 
strain rate of approximately 0.00001/sec 
which has been used in the tests at the 
University of Canterbury. However, since 
earthquake loads are dynamic by nature, it 
is appropriate to consider the strength 
results from Pacific Steel Ltd in order to 
obtain the likely overstrength factor which 
might occur during a severe earthquake. 

A comparison of the results obtained 
from the strain rate tests of Pacific Steel 
Ltd and the quasi static strain rate tests 
of the University of Canterbury for Grades 
275 and 380 steel are shown in Table 4. 
The mean of yield strength values show 
differences of 7.8% for Grade 275 steel and 
6.5% for Grade 380 steel. These strength 
increases due to high strain rate are in 
agreement with a 7% increase in yield 
strength predicted using the following 
equation suggested by Mander et al [8] for 
bars in tension: 

'Vdyn = °-953|} +[Tlo] 1 / 6] (Vstat < 8 ) 

where (f ) is the yield strength 
measur strain rate of £, and. 
(f ) s t a t is the yield strength measured at 
a Sjuasi static, strain rate of t = 0.00001/ 
sec. 

2.5.2 Ultimate Tensile Strength, f 
_ su 

The ultimate tensile strength of the 
steel is a less important parameter than 
the yield strength. Nevertheless, as 
mentioned earlier, it is one of the basic 
parameters used to define the strain 
hardening region of the stress-strain curve 
model adopted in this study. 

The correlation between the ultimate 
tensile strength and the yield strength is 
relatively strong for all grades of 
reinforcing steel, as can be seen in Table 
5. Hence it is reasonable to assume that 
the sources of variation in the ultimate 
strength are the same as those considered 
for yield strength. The relevant sources 
of variation are discussed below. 

(1) Variation in the strength of the 
material 

The rolling of bars and/or the 
chemical processing will also cause some 
variation in the ultimate strength of 
reinforcing steel. NZS 3402P:1973 [7] 
specifies that for Grade 275 steel the 
minimum ultimate tensile strength for Grade 
275 steel shall be less than 380 MPa and 
the maximum shall not be greater than 
520 MPa. For Grade 380 steel it is 
specified that the minimum ultimate tensile 
strength shall not be less than 570 MPa, 
which shall not be less than 1.2 times the 
actual yield strength, and the maximum is 
not specified. All the samples analysed 
fulfill these requirements. 

Figs. 13 and 14 show histograms of the 
measured ultimate strengths for Grades 275 
and 380 steel, respectively, based on 
"average value" samples. The actual 
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TABLE 4 : Comparison of Mean Yield Strengths 

Source Grade 27 5 Steel Grade 380 Steel Source 
Total No. 
of Samples 

Mean f 
y 

Total No. 
of Samples 

Mean f 
y 

Pacific Steel Ltd. 
(average value) 
Univ. of Canterbury 

759 
31 

321.3 
298.0 

182 
25 

457.8 
430. 0 

TABLE 5 : Linear Correlation Analysis for Mean Values of f and f Based on 
1 -» y c ii 

Data from Pacific Steel Ltd 1 

Bar Diameter 
(mm) 

Grade 275 Steel Grade 380 Steel Bar Diameter 
(mm) Mean f 

Y 
Mean f 

su 
Mean f 

Y 
Mean f 

su 
10 326 446 463 686 
12 318 431 458 701 
16 316 443 457 685 
20 322 455 470 719 
24 328 461 455 685 
28 326 465 460 706 
32 323 465 444 679 

COEFFICIENT OF CORRELATION 
0. 68 0.76 
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Fig. 14 Histogram of the Ultimate Strengths of Grade 380 Deformed Bar 
Reinforcing Steel Based on "Average Value" Samples. 

distributions of the ultimate strengths 
show a good fit with the normal 
distribution, as was shown by a statical 
analysis procedure similar to that used 
for observing the variation in steel yield 
strengths. The results of this analysis 
for ultimate strength can be seen in detail 
in Ref. 6. As indicated in Table 6, the 
KS test indicates that all observations 
have a maximum absolute difference (D ) 
less than the critical value even at S a x 

20% level of significance. Hence it can 
be concluded that the assumption of a 
normal distribution is valid. 

The calculated values for the mean, 
standard deviation and coefficient of 
variation, based on the normal distribution, 
are also shown in Table 6. The mean values 
are 451.0 MPa for Grade 275 steel and 
659.2 MPa for Grade 380 steel. 

(2) Effect of bar diameter 

As verified for the yield strength, 
no significant influence of bar diameter 
on the variation of the ultimate strength 
was observed. The mean ultimate strengths 
listed in Table 5 show that the values 
listed vary irregularly from the smallest 
to the largest bar diameter. 

(3) Effect of loading rate 

Mander et al [8] found that the 
strength of steel is magnified by the same 
percentage throughout the loading range 
due to high strain rate. Hence the 
magnification in ultimate strength due to 
fast strain rate can be taken to be given 
in Eq. 8 with f substituted for f . As 
for yield strength, this study used^the 
data for ultimate strength obtained from 
high strain tests conducted by Pacific 
Steel Ltd. 
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TABLE 6 : Statistical Data for Ultimate Strength of Grades 275 and 380 Deformed 
Bar Reinforcing Steel 

Description Grade 275 Steel Grade 380 Steel 
* 

Individual 
Value 

* * 
Average 
Value 

Individual 
Value 

** 
Average 
Value 

Total Number of Samples 1547 759 388 182 
Mean, f (MPa) 

su 
451. 0 451.0 695.2 695.2 

Standard Deviation (MPa) 21.7 21.6 42.52 42.1 
Coefficient of Variation (%) 4.81 4.79 6.12 6.06 
Maximum Value of Data (MPa) 515.0 514. 0 789. 0 787.5 
Minimum Value of Data (MPa) 385. 0 385.5 567 .0 574.0 
Kolmogorov-Smirnov (KS) Test 
(a) Max. (absolute) Difference D 

max 
0. 222 0.0189 0.0523 0.0615 

(b) Critical Difference at significance 
level a = 1% 

a = 5% 
a - 10% 
a = 20% 

0.0414 
0.0346 
0.0310 
0.0272 

0.0592 
0.0494 
0.0443 
0.0388 

0.0827 
0.0690 
0.0619 
0.0543 

0.1208 
0.1008 
0.0904 
0.0793 

Notes * All existing samples are considered as individuals. 
** Only average values of each cast from Pacific Steel Ltd are considered 

2.5.3 Strain at Which the Strain Hardening 
Commences, e , 

sh 
This parameter makes an important 

contribution to the determination of the 
overstrength factor. For reinforcing 
steels with a short yield plateau, that is 
a small e . , strain hardening occurs soon 
after yiefaing and the steel stress may 
reach a considerably higher value than 
the yield strength during a major earth­
quake . This in turn will cause a large 
increase in the flexural capacity of the 
member and, as a consequence, a higher 
overstrength factor needs to be employed 
in design. 

The study of the variation of e ^ 
was based on only 28 samples of Grade 
275 steel and 18 samples of Grade 380 steel 
measured at the University of Canterbury 
during the last 10 years during reinforced 
concrete research projects involving New 
Zealand manufactured reinforcing bars. 
No data on this parameter was provided by 
Pacific Steel Ltd. The actual distributions 
of this parameter are shown in Figs. 15 and 
16. Statistical analysis, similar to that 
used for observing the variation in yield 
strength, showed that the distributions 
gave a good fit with the standard 
distribution, as indicated by the KS test 
[6]. Table 7 lists the calculated 
statistical parameters. The mean values 
for e , are 0.022 for Grade 275 steel and 
0.009? for Grade 380 steel. The ratio of 
mean e . to the mean yield strain f /E is 
13.7 for Grade 275 steel and 4.2 y s 

for Grade 38 0 steel. It is evident that 
Grade 380 steel has a much shorter yield 
plateau than Grade 275 steel. 

2.5.4 Ultimate Strain, e 
su 

Knowledge of the ultimate strain, 
defined here as the strain at which the 
stress reaches the maximum value, is 

necessary in order to define the stress-
strain curve in the strain hardening range. 
Unfortunately only 8 samples for Grade 275 
steel and 3 samples for Grade 380 steel 
were available from University of 
Canterbury tests on New Zealand manufactured 
reinforcing bars. For these samples the 
average ultimate strain was 0.202 for Grade 
275 steel and 0.153 for Grade 380 steel. 
It is assumed that rate of loading does not 
affect the value for ultimate strain. 

2.5.5 Modulus of Elasticity, E g 

Statistical analysis based on 45 
samples obtained from quasi static tests at 
the University of Canterbury on New Zealand 
manufactured reinforcing bars of Grades 275 
and 38 0 steel gave a mean value for E of 
205.2 GPa. 

The data for this parameter can be 
considered as normally distributed, since 
the actual distributions show good 
agreement with the proposed normal 
distribution model as indicated by the KS 
test. Table 8 reveals this fact, 
together with the other statistical 
parameters. 

In this study the modulus of 
elasticity at a high strain rate 
(0.0025/sec) was used. To obtain this 
value the mean quasi static value of E g 

was multiplied by a dynamic magnification 
factor as suggested by Mander et al [8] to 
give the value for the dynamic E g shown 
in Table 8. 

2.5.6 Strain Hardening Modulus, E g h 

Statistical analysis based on 45 
samples obtained from quasi static tests 
at the University of Canterbury on New 
Zealand made reinforcing bar gave a mean 
value for E , of 4,921 MPa for Grade 275 
steel and 8?391 for Grade 380 steel. 
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Fig. 16 Histogram of Strain Hardening Strains of Grade 380 Deformed Bar Reinforcing 
Steel. (Data is lumped into class intervals of 0.001). 

TABLE 7 Statistical Data for e , of Grades 275 and 380 Deformed 
- sn • — — — Bar Reinforcing Steel 

Description Grade 275 Grade 380 
Steel Steel 

Total Number of Samples 28 . 18 
Mean e , sh 0.0220 0.0097 
Standard Deviation 0.0039 0.0025 
Coefficient of Variation (%) 17.6 25.6 
Maximum Value 0.0308 0.0160 
Minimum Value 0.0143 0.0055 

Kolmogorov-Smirnov Test 
(a) Max. (absolute) Difference 0.130 0.154 
(b) Critical Difference at a = 20% 0.198 0. 246 
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TABLE 8 : Statistical Data for Young's Modulus E of Grades 275 and 380 
Deformed Bar Reinforcing Steel 

Description Grades 275 and 
380 Steel 

Total Number of Samples 
Mean E (MPa) s 

Standard Deviation (MPa) 
Coefficient of Variation (%) 
Maximum Value of Data (MPa) 
Minimum Value of Data (MPa) 

45 
205,200 
(219,560) * 

9, 720 
4.74 

224, 700 
185,000 

Kolmogorov-Smirnov (KS) Test 
0.0804 

0.1600 

(a) Maximum (abs. ) Difference 
(b) Critical Difference at 

a = 20% 

0.0804 

0.1600 

Note: * ( ) indicates the theoretical mean value for 
the dynamic E for a strain rate of 0.0025/sec. 

TABLE 9 Statistical Data for Strain Hardening Modulus E„^ of Grades 275 
and 380 Deformed Bar Reinforcing Steel 

Description Grade 275 Steel Grade 380 Steel 

Total Number of Samples 
Mean E , (MPa) 

sn 
Standard Deviation (MPa) 
Coefficient of Variation (%) 
Maximum Value of Data (MPa) 
Minimum Value of Data (MPa) 

28 
4921.4 
(5265.9) * 
1080.4 

21.95 
7400 
3500 

17 
8391.2 
(8978.6) * 
1497.8 

17.85 
11200 
6000 

Kolmogorov-Smirnov Test 
0.1602 
0.1980 

0.1176 
0.2540 

(a) Max. (absolute) Difference 
(b) Critical Difference at a = 20% 

0.1602 
0.1980 

0.1176 
0.2540 

Note: * ( ) indicates the mean value for the dynamic E , for a strain 
rate of 0.0025/sec. 

Analysis of this data shows a good 
fit with a normal distribution. Table 9 
lists the other statistical data for this 
parameter, together with its mean dynamic 
values based on the stiffness enhancement 
due to rapid loading, as mentioned for E . 
These mean dynamic values will be used in 
the study. 

2.6 Variability of the Yield Strength 
of Transverse Reinforcing Steel, f^ h 

The theoretical moment-curvature 
analyses conducted in this study considered 
reinforced concrete sections with code 
specified quantities of transverse 
confining reinforcement. When high 
compressive strains develop in the concrete 
the transverse reinforcement becomes 
significantly stressed and the confining 
pressure is a function of its yield 
strength, f h . 

The statistical analysis for the 
measured yield strength of transverse 
reinforcement is based on 352 samples from 
Pacific Steel Ltd. All the samples are 
plain round bars of Grade 275 steel of 
10 mm and 12 mm diameter. Again, the two 
values of f k from the same cast numbers 
showed non-^ignificant differences. 
Therefore, the statistical analysis was 
based on the "average value" samples and, 
as a consequence, the total number of 
samples was reduced to 176. The observed 
data showed good agreement with the normal 
distribution and this is supported by the 
KS test which shows that the maximum 
(absolute) difference (D = 0.0442) is 
much less than the critical value, even 
at a 20% significance level. The mean 
yield strength is 331.1 MPa, as listed in 
Table 10 together with other statistical 
data. In this case, again, the data is 
for a high loading rate with a maximum 
value of 0.0025/sec. However, since 
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TABLE 10 .: Statistical Data for Yield Strength of Transverse 
Reinforcement of Grade 275 Plain Round Bar Steel 

Description Grade 275 Steel 
(average values) 

Total Number of Samples 176 
Mean f (MPa) 
Standard Deviation (MPa) 

331.1 Mean f (MPa) 
Standard Deviation (MPa) 16.0 
Coefficient of Variation (%) 4.83 
Maximum Value of Data (MPa) 372.0 
Minimum Value of Data (MPa) 283.0 

Kolmogorov-Gmirnov Test 
(a) Max. (absolute) Difference 0.0442 
(b) Critical Difference at a = 20% 0.0806 

Jsh' 

earthquake loading is dynamic by nature 
this fast loading rate simulates loading 
as might occur during a severe earthquake. 

2.7 Range of Steel Parameters Used in 
Moment-Curvature Analyses 

For the theoretical moment-curvature 
analyses using Monte Carlo simulations, 
described in the next section, a range of 
probable values for each of the six 
parameters, f , f , e g h , e g u , E g and E_ 
should be determined. 
Based on the statistical study it is 
assumed that the range for all parameters 
is from the 5% lower tail of probability to 
the 95%upper tail of probability, except 
for the ultimate strain where the average 
values are taken and for the yield strength 
of Grade 380 steel where the range is 
determined from 5% to 98%. This adjustment 
for the yield strength of Grade 380 steel 
is made because its sample distribution is 
more skewed to the right hand side and has 
a longer upper tail than the distributions 
of other parameters. 

To incorporate the uncertainty about 
the true mean values, especially for 
parameters with small number of samples, 
a confidence interval of mean value is 
determined and then the range values, as 
mentioned above, are calculated based on 
this mean interval. 

The confidence interval of mean is a 
measure of the uncertainty associated with 
incomplete knowledge of the true mean of 
the population. A confidence interval of 
mean at a certain degree of confidence, 
say 95% as used in this study, indicates 
the probability that the true mean lies 
in the listed interval is 0.95. A large 
sample confidence interval for the mean 
of a normal population can be denoted by: 

Z / 0 s a/ 2 (9) 

where x m is the sample mean, s is the 
sample standard deviation, n is the 
total number of sample values, Z is the 
percentiles of the standard normal dist­
ribution, as tabulated in most statistics 

text-books, and (1-a) indicates the degree 
of confidence. If the sample size is small, 
a slight modification should be made so 
that the confidence interval for the mean 
of a normal population is: 

x ± m 
^ 7 2, n-l S 

(10) 

where x , s and n are defined above, t is 
the percentiles of the "t-distribution" 
with (n-1) degrees of freedom as tabulated 
elsewhere [13,18] . 

The range values, based on 5% lower 
tail to 9 5% upper tail of normal probabil­
ities , are calculated as follows. For 
large size samples, for example f of 
Grade 275 steel of this study: ^ 
5% Lower Tail Value - lower limit of Mean -

Z ((J)) x Standard Deviation = 320.2 -
1.645 x 15.5 = 295 MPa 

95% Upper Tail Value = upper limit of Mean + 
Z (cj>) x Standard Deviation = 322. 4 + 
1.645 x 15.5 = 348 MPa 

where ± Z (<j>) indicates the upper and lower 
limits of the standard normal distribution 
based on the corresponding probability as 
tabulated elsewhere. For small size samples 
(that is, approximately less than 30) , for 
example E g h of Grade 275 steel in this 
study: 
5% Lower Tail Value = lower limit of Mean -

t(<H x Standard Deviation = 4818.0 -
1.701 x 1156.0 = 2852 MPa 

95% Upper Tail Value = upper limit of Mean+ 
t(<|>) x Standard Deviation = 5713.0 + 
1.701 x 1156.0 = 7679 MPa 

where t (<j>) is based on the t-distribution 
as tabulated elsewhere, rather than the 
standard normal distribution. 

By considering the confidence interval 
of mean in these calculations it is 
intended that a more conservative range of 
values is obtained rather than those based 
on the sample mean and standard deviation 
which are estimated as the population 
parameters. 
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TABLE 11 Statistical Data for Basic Parameters of the Stress-Strain Relation 
of Deformed Bar Reinforcing Steel Based on the 5% Lower Tail and 
95% Upper Tail of Normal Probability 

Parameter 
Yield 
Strength 

f 
y 

Ultimate 
Strength 

f 
su 

Str.Hard. 
Strain 

£sh 

Ultimate 
Strain 

£ 
su 

Young 8 s 
Modulus 

E 
s 

Str. Hard. 
Modulus 
E , sh 

Grade 275 Lower 5% Tail 
Grade 275 Upper 95% Tail 

295 MPa 
348 MPa 

414 MPa 
488 MPa 

0. 014 
0. 030 

0.202* 
0.202* 

199400 MPa 
239700 MPa 

2852 MPa 
7679 MPa 

Grade 380 Lower 5% Tail 
Grade 380 Upper 95% Tail 

410 MPa 
516 MPa* 

620 MPa 
770 MPa 

0.004 
0. 015 

0.153* 
0.153* 

199400 MPa 
239700 MPa 

5369 MPa 
12588 MPa 

Notes: * Average values, not tail values 
** Upper 98% tail, not upper 95% tail. 

Table 11 lists the calculated range 
values for the deformed bar reinforcement. 
These values were used for the longitudinal 
reinforcement in the theoretical moment-
curvature analyses. 

Range values from the 5% lower tail 
value to the 95% upper tail value, 
considering the interval of mean, were 
also found for the plain round 10 and 12 
mm diameter Grade 275 steel as 299 MPa and 
3 60 MPa. This plain round steel was used 
as transverse reinforcement in the moment-
curvature analyses. 

The use of a yield strength below 
which not more than 5% of the test results 
fall (that is, the 5% lower tail values, 
namely 295 MPa and 410 MPa for Grades 275 
and 380 deformed reinforcing steel, 
respectively) appears a reasonable basis 
for strength design when determining the 
dependable strength of members. It is 
unduly conservative to use in design a 
value for the yield strength above which 
all test results fall as is currently the 
practice in New Zealand. Note that 
according to NZS 3402P:1973 [7] no test 
results for yield strength are permitted 
to fall beneath 275 MPa for Grade 275 steel 
or 380 MPa for Grade 380 steel. The 5% 
lower tail value is currently used in 
European and British codes when defining 
the characteristic yield strength which is 
used in design. The overstrength factors 
for the steel stress could then be related 
to the 5% lower tail values rather than the 
more conservative minimum values, leading 
to smaller overstrength factors. 

3. THEORETICAL MOMENT-CURVATURE ANALYSES 
TO DETERMINE OVERSTRENGTH FACTORS 

3.1 General 

In the capacity design procedure of 
earthquake resistant structures it is 
necessary to determine the maximum likely 
flexural strengths, referred to as the 
"flexural overstrengths", of the plastic 
hinge regions of members. This is so 
adequate strength can be provided in the 
remainder of the structure to avoid 
brittle failure. For example, the design 
shear forces in the beams, columns, and 
beam-column joints will be a function of 
the overstrength moments at the plastic 

hinges and will be greater than the actions 
calculated using the design factored loads 
of the code. 

In the following sections results 
are presented of a study conducted to re­
evaluate the values of the flexural over-
strength factors currently used in seismic 
design in New Zealand. Theoretical moment-
curvature analyses, based on the actual 
measured steel properties, were carried out 
for a range of different section shapes and 
reinforcement configurations. For this 
purpose, the probable variability of the 
material properties were considered by 
incorporating Monte Carlo Simulation 
Techniques. For the reinforcing steel, 
the results obtained from the statistical 
study presented earlier were used in these 
analyses. The likely variation of concrete 
compressive strength was considered as well, 
based on the Specification for Concrete 
Construction, NZS 3109:1980 [19]. 

3.2 Moment-Curvature Analyses 

Moment-curvature analyses of sections 
enables the moment of resistance of members 
over a range of curvatures to be calculated, 
thus permitting the change in moment 
capacity with plastic hinge rotation to be 
assessed [4] . The curvature of a member is 
defined as the rotation per unit length. 
The moment-curvature curve for a reinforced 
concrete section can be traced theoretically 
using the requirements of strain compat­
ibility and equilibrium of internal forces 
[4] . 

Fig. 17 shows a typical moment-
curvature relation derived for a reinforced 
concrete section subjected to monotonic 
loading. The moment resisted by the 
section at curvatures greater than when 
yield is first reached in the longitudinal 
tension steel depends on the configuration 
of reinforcement in the section, and on the 
stress-strain relations for the steel 
reinforcement and the compressed concrete. 

Several previous studies have been 
conducted to determine the moment-curvature 
behaviour of reinforced concrete sections 
subjected to cyclic loading, simulating 
the effect of seismic loading. Examples 
of the theoretical and experimental 
investigations of cyclic moment-curvature 
behaviour are described elsewhere [4,5,8] . 
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"1st yielding 
of tension steel 

'1st crocking 

Fig. 17 

CURVATURE. <P 

Moment-Curvature Relation for a 
Reinforced Concrete Section. 

It is of interest that during the cyclic 
(reversed) loading, stiffness degradation 
will occur due to the Bauschinger effect 
of the reinforcing steel (see Section 2.2) 
and due- to the full depth open flexural 
cracks in the concrete which will exist 
during parts of the loading cycles. 
Previous investigations have shown, 
however, that the monotonic moment-curvature 
relationship for beams gives a good 
indication of the envelope curve for cyclic 
moment-curvature behaviour. That is, 
although the flexural stiffness is reduced" 
during cyclic loading the beam will reach 
the monotonic moment capacity at higher 
curvatures. In the case of columns with 
high compressive loads the maximum moment 
capacity reached may reduce with cyclic 
loading due to deterioration of the concrete 
stress-strain behaviour. However again 
the monotonic moment-cu rvature relationship 
will give a good envelope curve for cyclic 
moment-curvature behaviour of columns. It 
should also be noted that previous invest­
igations have indicated that experimentally 
obtained moment-curvature relationships can 
be predicted accurately by theoretical 
analyses [ 4 , 5 , 8 ] . 

This study uses theoretical 
monotonic moment-curvature relationships 
to predict the maximum likely moment 
capacity of reinforced concrete members. 
The moment-curvature analyses are based on 
the following assumptions: 
a) Plane sections remain plane after 

bending. 
b) The stress-strain relationships for the 

reinforcing steel and the unconfined 
and confined concrete are as described 
in Section 3 . 3 . 

c) When the concrete tensile stress 
exceeds the tensile strength the 
concrete is assumed to crack and to 
be incapable of carrying tension 
thereafter. 

d) There is no bond slip between the 
longitudinal reinforcing steel and the 
core concrete. 

3.3 Material Properties Assumed in the 
Moment-Curvature Analyses 

3 . 3 . 1 Steel Reinforcement 

The stress-strain model proposed by 

Mander et al [ 8 ], defined by Eqs. 1, 2, 4 
and 6 and illustrated in Fig. 4, was 
adopted. 

The statistical studies described 
in Section 2 give the means, coefficients 
of variation, and the range of values 
assuming a normal distribution for the 
basic parameters f f , , E_ and E 
for deformed bars xrom s uGraSe 27§ and sh 
Grade 380 steel considered as longitudinal 
reinforcement in this study. For e only 
the average values were considered s 

since the total number of test samples was 
limited. 

The statistical studies described 
in Section 2 also give the means, 
coefficients of variation and range of 
values assuming a normal distribution for 
Grade 275 plain round bars considered as 
transverse reinforcement in this study. 

The steel properties used are based 
on those measured at a strain rate of 
0.0025/second, in order to include the 
effect of dynamic loading during earth­
quakes . 

3 . 3 . 1 Concrete 

The stress-strain model proposed by 
Mander et al [8] for confined and unconfined 
concrete under monotonic compressive 
loading was adopted. The model is 
illustrated in Fig. 18. The stress-strain 
relationship may be written as follows: 

f' x r 
cc 

: - 1 + x 1 

(ID 

where f 
F C = 

longitudinal concrete stress 
confined compressive strength 
of concrete, which is 
dependent on the quantity, 
arrangement and yield strength 
of the transverse confining 
reinforcement 
compressive strength of 
unconfined concrete 
e /e c cc 
longitudinal concrete 

rf 
1 + 5 

co 
cc 
f' 

(12) 
strain 

(13) 

longitudinal concrete strain 
when maximum unconfined concrete 
strength f' is reached, 
assumed to be 0.002 

(14) E - E c sec 
where E = 500o/F 8 MPa c c (15) 

is the tangent modulus of elasticity of 
the concrete, and 

E = f• /e (16) sec cc cc 

To define the stress-strain behaviour 
of the cover concrete (outside the confined 
core concrete) the part of the falling 
branch in the region where 
assumed to be a straight line which 

2e is co 
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reaches zero stress at the spalling strain, 
e , assumed to be 0.006 in this study, sp' 

To determine the confined compressive 
strength of the concrete, f 1 , Mander et al 
[8] have proposed a numericSl analysis 
based on an ultimate strength surface 
criterion for concrete under a general 
multiaxial state of stress. That procedure 
was incorporated in the moment-curvature 
computer program [6]. A summary of the 
method for determining f^ c may also be 
found elsewhere [20]. 

The concrete parameters were adjusted 
to apply to a strain rate of 0.0025/second, 
which was used in the steel tests. 
Previous investigators have found that 
loading at a rapid strain rate will result 
in an increase in both the strength f' and 
stiffness E of concrete, but a reduction 
in the strain e at the peak stress. In 

cc 
this study the modifications for strain 
rate proposed by Mander et al [8] were 
used. 

For design purposes the compressive 
strength of concrete is based on the 
specified cylinder strength at 28 days. 
However to ensure that the specified 
strengths are achieved, the actual strengths 
are generally higher than specified. 
NZS 3109:1980 [19] states minimum target 
mean strengths as well as the coefficients 
of variation for each specified concrete 
strength for several conditions. The 
statistical data listed in Table 12 for 
concrete with specified strengths of 20 
and 30 MPa were used in this study. 
Table 12 assumes a high grade concrete with 
an established and acceptable performance 
record of production. A normal distribution 
of strengths was assumed in Table 12. 

It should be noted that the concrete 
stress-strain properties will have a much 
lesser influence on the flexural over-
strength factors for reinforced concrete 
beams than the steel stress-strain 
properties. 

3.4 Section Shapes and Reinforcement 
Configurations 

In order to investigate the likely 
flexural overstrength factors which could 
occur in plastic hinge regions, beams with 
rectangular and T sections and columns with 
square sections were considered in this 
study. In the case of the T beams the 
overhanging slab width each side of the 
web was taken as 4 times the slab thickness. 

Tables 13, 14 and 15 list the sixteen 
configurations of the section properties 
considered for each of the three beam 
sections analysed. Typical beam section 
dimensions were chosen. The combinations 
involved two grades of reinforcing steel, 
two grades of concrete, two longitudinal 
tension steel ratios p, and two ratios of 
longitudinal compression steel to tension 
areas p'/p - The requirements of NZS 3101 
[2] for potential plastic hinge regions 
were complied with. For example, sections 
with p'/P less than 0.5 were not included, 
and the permitted upper limit of p was not 
exceeded. 

TABLE 12 : Statistical Data Assumed for 
Concrete Compressive Strength 

Description Specified Strength j 

20 MPa 30 MPa 

Minimum target of 
Mean Strength (MPa) 27.5 40.0 
Coefficient of 
Variation (%) 15. 0 13.0 
5% Lower Tail 
Value (MPa) or 
Specified Strength 20. 0 30.0 
95% Upper Tail 
Value (MPa) 35.0 50.0 

Each beam was analysed using two different 
arrangements of transverse confining steel. 
namely: 
(a) Rectangular hoop/s or 10 mm diameter 

plain round bar of Grade 275 steel 
with centre to centre spacing equal to 
six times the diameter of longitudinal 
bar or a quarter of the beam effective 
depth (d/4), whichever is smaller. 

(b) Rectangular hoop/s of 12 mm diameter 
plain round bar of Grade 275 steel 
with centre to centre spacing equal to 
50 mm. The second quantity of hoop/s 
provides a higher level of confinement 
than the first. 

The details of the square columns 
analysed are listed in Table 16. Two 
levels of axial load were applied and the 
sections were subjected to uniaxial 
bending. The transverse reinforcing steel 
provided was that specified for confine­
ment by Eqs; 6.24 and 6.25 of NZS 3101 [2]. 

3.5 Determination of the Flexural 
Qverstrength Factors 

3.5.1 The Computer Program 

A computer program equipped with a 
Monte Carlo simulation procedure was used 
to derive the moment-curvature relation­
ships of the beam and column sections 
taking into account the possible 
combinations of the material properties 
that might occur in reinforced concrete 
structures [6]. A simplified flow chart, 
shown in Fig. 19, illustrates how the 
computer program proceeds with the Monte 
Carlo simulation procedure for each set 
of section properties. 

3.5.2 Input Data for Each Set of Section 
Properties 

There are seven variable parameters 
describing the material properties 
involved in each moment-curvature analysis. 
Five of the variable parameters are 
required to form the stress-strain model 
for the longitudinal reinforcing steel, 
namely the yield strength, f , ultimate 
strength, f , strain hardening strain, 
£sh' m°3ulus of elasticity E , and strain 
hardening modulus E ^. The ultimate strain 
e was assumed to Be a non-variable 
parameter by taking the average values. 
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TABLE 13 : Section Properties of T-Beams With Positive Moment 

Steel 
Grade 

Concrete 
f' 
c 

P* /P P b 
w 

(mm) 

d 
(mm) 

A 8 

s 
(top) 

A 
s 
(bottom) 

Grade 
275 

Steel 

20 MPa 

0.50 
0.75 

1.46* 

400 

250 

670 

550 

2D16+ 
8D10 
3D16+ 
6D10 

10D16 

10D16 

Grade 
275 

Steel 

20 MPa 

1.00 
0.75 

1.50 

250 

250 

535 

535 

3D16 + 
6D10 
8D16+ 
6D10 

5D16 

10D16 Grade 
275 

Steel 

30 MPa 

0.50 

0.75 

1.50 

400 

250 

670 

535 

2D16+ 
8D10 

3D16+ 
6D10 

10D16 

10D16 

Grade 
275 

Steel 

30 MPa 

1.00 

0.75 

1.50 

250 

250 

535 

535 

3D16+ 
6D10 

8D16+ 
6D10 

5D16 

10D16 

Grade 
380 

Steel 

20 MPa 

0.50 

0.75 

1.46* 

400 

250 

670 

550 

2DH16+ 
8DH10 

3DH16+ 
6DH10 

10DH16 

10DH16 

Grade 
380 

Steel 

20 MPa 

1.00 

0.75 

1.50 

250 

250 

535 

535 

3DH16+ 
6DH10 

8DH16+ 
6DH10 

5DH16 

10DH16 
Grade 
380 

Steel 

30 MPa 

0.50 

0.75 

1.50 

400 

250 

670 

535 

2DH16+ 
8DH10 

3DH16+ 
6DH10 

10DH16 

10DH16 

Grade 
380 

Steel 

30 MPa 

1.00 

0.75 

1.50 

250 

250 

535 

535 

3DH16+ 
6DH10 

8DH16+ 
6DH10 

5DH16 

10DH16 

Notes: 
, 480 , bw , 480 \ 1 1~ 

<*>im 

p in accordance with NZS3101:1982 rmax 

p = 
A 
s b d w 

W 
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TABLE 14 : Section Properties of T-Beams With Negative Moment 

Steel 
Grade 

Concrete 
f ' 
c 

P'/p P 
(%) 

b 
w 

(mm) 

d 
(mm) 

A 1 

s 
(bottom) 

A 
s 
(top) 

20 MPa 

0.50 
0.75 

1.46* 

275 

225 

620 

390 

3D16 

3D16 

4D16+ 
6D10 
4D16 + 
6D10 

Grade 

1.00 
0.75 

1.50 

275 

225 

620 

380 

4D20 

4D20 

4D16+ 
6D10 
4D16 + 
6D10 

275 
Steel 

0.50 
0.75 

1.50 

275 

225 

620 

380 

3D16 

3D16 

4D16 + 
6D10 
4D16 + 
6D10 

30 MPa 

1. 00 
0.75 

1.50 

275 

225 

620 

380 

4D20 

4D20 

4D16 + 
6D10 
4D16+ 
6D10 

20 MPa 

0.50 

0.75 

1.46* 

275 

225 

620 

390 

3DH16 

3DH16 

4DH16+ 
6DH10 

4DH16+ 
6DH10 

Grade 

20 MPa 

1. 00 
0.75 

1.50 

275 

225 

620 

380 

4DH20 

4DH20 

4DH16+ 
6DH10 
4DH16+ 
6DH10 

380 
Steel 

30 MPa 

0.50 
0.75 

1. 50 

275 

225 

620 

380 

3DH16 

3DH16 

4DH16+ 
6DH10 
4DH16+ 
6DH10 

1.00 

0.75 

1.50 

275 

225 

620 

380 

4DH20 

4DH20 

4DH16+ 
6DH10 

4DH16+ 
6DHI0 

Notes: 
480 

p in accordance with NZS3101:1982 
max 

p' 

b d w 
A» 
s b d w 
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TABLE 15 : Section Properties of Rectangular Beams With Positive Moment 

Steel 
Grade 

Concrete 
f * c 

p'/p P 
(%) 

b 
(mm) 

d 
(mm) 

A* 
s 

(top) 

A' 
s 

(bottom) 

Grade 
275 

Steel 

20 MPa 
0.50 

0.75 
1. 46* 

225 
275 

475 
625 

2D16 
4D20 

4D16 
8D20 

Grade 
275 

Steel 

20 MPa 

1.00 
0.75 
1.50 

225 
275 

475 
610 

4D16 
8D20 

4D16 
8D20 Grade 

275 
Steel 

30 MPa 
0.50 

0.75 
1.50 

225 
275 

475 
610 

2D16 
4D20 

4D16 
8D20 

Grade 
275 

Steel 
30 MPa 

1. 00 
0.75 
1.50 

225 
275 

475 
610 

4D16 
8D20 

4D16 
8D20 

Grade 
380 

Steel 

20 MPa 
0. 50 

0.75 
1. 46* 

225 
275 

475 
625 

2DH16 
4DH2 0 

4DH16 
8DH20 

Grade 
380 

Steel 

20 MPa 

1. 00 
0.75 
1.50 

225 
275 

475 
610 

4DH16 
8DH20 

4DH16 
8DH20 Grade 

380 
Steel 

30 MPa 
0. 50 

0.75 
1.50 

225 
275 

475 
610 

2DH16 
4DH20 

4DH16 
8DH20 

Grade 
380 

Steel 

30 MPa 

1. 00 
0.75 
1.50 

225 
275 

475 
610 

4DH16 
8DH20 

4DH16 
8DH20 

Notes: 

A: * 

P 8 

in accordance with NZS 3101:1982 
A 
s 

bd 
A' 
s 

TABLE 16 : Section Properties of Square Columns 

Steel 
Grade 

Concrete 
f' 
c 

P 
e 

f'A 
c g 

b and h 
(mm) 

A . 
St 

(uniformly 
distributed) 

P t 
(%) 

Transverse 
Confining 
Reinforcement 

Grade 
275 

Steel 

20 MPa 
0.3 

600 
425 

12D24 
12D24 

1.5 
3.0 

R12 - 98* 
R12 - 85 

Grade 
275 

Steel 

20 MPa 
0.7 

600 
425 

12B24 
12D24 

1.5 
3.0 

R12 - 62 
R12 - 85 Grade 

275 
Steel 30 MPa 

0.3 
600 
425 

12D24 
12D24 

1.5 
3.0 

R12 - 42 
R12 - 85 

Grade 
275 

Steel 30 MPa 
0.7 

600 
425 

12D24 
12D24 

1.5 
3.0 

R12 - 65 
R12 - 61 

Grade 
380 

Steel 

20 MPa 
0.3 

600 
425 

12DH24 
12DH24 

1.5 
3.0 

R12 - 98 
R12 - 85 

Grade 
380 

Steel 

20 MPa 

0.7 
600 
425 

12DH24 
12DH24 

1.5 
3.0 

R12 - 62 
R12 - 85 Grade 

380 
Steel 

30 MPa 
0.3 

600 
425 

12DH24 
12DH24 

1.5 
3.0 

R12 - 65 
R12 - 85 

Grade 
380 

Steel 
30 MPa 

0.7 
600 
425 

12DH24 
12DH24 

1.5 
3.0 

R12 - 42 
R12 - 61 

Notes: Centre-to-centre spacing 
of confinement (in mm) 
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Compressive Strain, 

Fig» 18 Assumed Monotonia Stress-Strain Curve for Compressed Concrete [8] 

INPUT 

S t a t i s t i c a 1. par ame t e r s of variables 
f , f , e ^ , E , E , , y su sn * s s.n £ , . f * 

yn' c 
plus 

the other non-var i able parameters 

Repeat 
many times 

GENERATE RANDOM VALUES FOR VARIABLES 
from prescribed normal probability 

distributions 

CALCULATE 

the corresponding member flexural 
overstrength factors <f> ' oi M /M, max i 
at specified curvature ductility 
factors 

Basic 
assumptions, 
models and 
other 
r e 1 a t i o n s h i p s 

OUTPUT 

Result of statistical analysis for 

^oi 

Fig. 19 Simplified Flow Chart of the Computer Program using the Monte 
Carlo Simu1ation Technique. 
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The other two variable parameters are the 
yield strength of the transverse reinforce­
ment f , and the concrete compressive 
strength1 f ̂. 

As non-variable data, there are 
several other parameters of the concrete 
stress-strain curve, reinforcing steel 
ultimate strain e and the set of section , . su properties. 

3.5.3 Generation of Random Values for the 
Variables 

as specified. 

(d)The longitudinal steel has an elasto-
plastic stress-strain relation. That is, 
strain hardening is ignored and the 
stress remains at the yield strength at 
strains greater than the yield strain. 

(e)The yield strengths of the longitudinal 
steel are taken as the 5% lower tail 
values of probability. That is, 295 MPa 
for Grade 275 steel and 410 MPa for 
Grade 38 0 steel. 

The Monte Carlo simulation technique 
used involved repetitions of moment-
curvature analyses. For each moment-
curvature analysis a particular set of 
values of the random variables are 
generated in accordance with the prescribed 
probability distributions. The principles 
for generating these random values with a 
specified normal distribution are explained 
in detail elsewhere [6,21]. Uniformly 
distributed random numbers are generated 
between 0.0 and 1.0. Then, through 
appropriate transformations, the correspond­
ing random values of the variables are 
generated based on the speci fied normal 
distributions within the range values of 
5% lower-tail and 95% upper tail probability. 
Since the yield strength and the ultimate 
strength have a relatively strong 
correlation with each other, the required 
random values for these two quantities were" 
not generated independently. The other 
variable parameters were generated 
independently. 

The Monte Carlo results are based on 
a finite number of samples (simulations) 
and cannot be "exact" unless the sample size 
is infinitely large. It was verified [6] 
that a sample size of 500 for each 
observation gave reasonable accuracy. 

3.5.4 Calculation of the Member Flexural 
Overstrength Factors 

The generated values of the variables 
together with the other non-variable 
quantities were used to conduct monotonic 
moment-curvature analyses so as to determine 
the flexural overstrength factor, defined 
as: 

M 
roi (17) 

where M is the overstrength moment of 
resistance and M. is the ideal flexural 
strength. 

The ideal flexural strength M. was 
determined using the following assumptions, 
which complied with Section 6 of NZS 3101 
[2], namely: 
(a) The actual concrete compressive stress 

distribution is replaced by an 
equivalent rectangle with mean stress 
of 0.85f' and depth a, where a has 
the value defined by NZS 3101 [2]. 

(b) The extreme fibre concrete compressive 
strain is 0.003. 

(c) The concrete compressive strength f^ is 

The overstrength moment of resistance 
M was computed using the complete stress-
strain relationships for the steel and 
concrete incorporating the generated values 
of their variable parameters together with 
the values of the other non-variable 
parameters. After computing the ideal 
flexural strength, M. , the computer program 
proceeds in the following steps in order to 
calculate the overstrength moment ^ m a x and 
then the flexural overstrength factor $ Q^-

First, the concrete section is 
divided into a number of discrete laminae 
(strips) , parallel to the neutral axis 
of the section. Each lamina contains 
areas of cover and core concrete. Similarly, 
the longitudinal reinforcing steel is 
considered in a discrete number of layers 
parallel to the neutral axis, where each 
layer contains a known area of reinforcing 
steel. The analysis then proceeds by 
increasing the extreme fibre concrete 
compressive strain of the section gradually, 
in small increments. For each value of the 
extreme fibre concrete compressive strain 
the neutral axis depth is found using the 
bisection iteration technique. That is, 
the neutral axis depth is adjusted until 
the internal forces in the concrete and the 
steel, corresponding to the neutral axis 
depth and extreme fibre strain (see Fig. 
20), are in equilibrium with the external 
axial load in the case of a column or sum 
to zero in the case of a beam. When the 
correct neutral axis is found the moment 
of resistance M corresponding to that 
extreme fibre strain is found from the 
internal forces in the section. Then the 
ratio of M/M^ is computed. 

At each increment the curvature 
ductility factor 4>/(j> is also determined, 
in which c}> is the curvature corresponding 
to the particular extreme fibre strain and 
<j) is the yield curvature defined as 

M! 
M 1 

y 1 

(18) 

where M is the moment of resistance when 
yield is^first reached in the longitudinal 
reinforcing steel, $' is the curvature 
corresponding to M ,^ and M! is calculated 
using assumptions v\entioned1before for the 
ideal flexural strength, except that it is 
based on the actual concrete compressive 
strength and the actual steel yield strength 
for that analysis instead of the specified 
values. Fig. 21 demonstrates how <j> is 
obtained. This definition for 6 _ been 
commonly used in New Zealand. y 
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Stress ,fs 

fs4 

i I 
! I J L 

es3 Es4 Strain, 

Confined core 
concrete 

Unconfined cover 
concrete 

£c Espo// Strain 

(a) Stress-Strain Relation for Steel (b) Stress-Strain Relation for Concrete 

dh y k d 

Neutral, 
axis 3 

ELEVATION SECTION 
-s4 's4 

STRAIN STRESS INTERNAL EXTERNAL 
FORCES ACTIONS 

(c) Section With Strain, Stress and Force Distributions 

Fig. 20 Theoretical Moment-Curvature Analysis. 

fy fy CURVATURE, 4> 
Fig. 21 Definition of Yield Curvature 

The ratios M/M. and <f>/<|> are found 
for increasing extreme fibre Xtrain 
increments until one of the following limits 
is reached: 
(a) The moment M obtained from the last 

strain increment has reduced to less 
than 0.8M!. That is, it is considered 
that a reiuction to less than 0.8M! 
is unacceptable and can be regarded as 
failure. 

(b) The curvature ductility factor 
has reached 20.0. That is, it is ^ 
considered that a curvature ductility 
demand of 20 is a reasonable upper 

limit for the plastic hinge regions of 
a ductile frame during a severe 
earthquake. 

(c) The maximum strain in the longitudinal 
steel exceeds its ultimate strain, 
e > e s su 
There was no limitation on the concrete 

compressive strain imposed since previous 
tests and analysis have shown that the 
above criteria are adequate [8,20]. 
Generally the maximum value of M/M. occurs 
at <|>/cf> = 20. The value of M/M. at 4>/<j> = 
10 was^also evaluated. 1 ^ 
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3.5.5 Results 

For each of the 64 combinations of 
variables in Tables 13, 14, 15 and 16 there 
were 500 repetitions of moment-curvature 
analyses. Hence statistical methods may 
be applied to 500 values of the flexural 
overstrength factor obtained for each of 
the 64 combinations of section variables 
in order to assess the likely flexural 
overstrength factors for the members. In 
determining the flexural overstrength factor, 
M in Eq. 17 was taken as the maximum 
value of M calculated up to the level of 
curvature ductility factor §/ty^ considered. 

The computed means of the flexural 
overstrength factors <j> . and their related 
coefficient of variation are listed in 
Tables 17, 18, 19 and 20. The KS test was 
applied [6] and it was verified that the 
values of | D m a x I dig not exceed the 
critical value of D , at least at signif­
icance level a = 1%? Based on this 
finding the normal distribution was 
acceptable and therefore the 95% upper-
tail overstrength values, also listed in 
Tables 17, 18, 19 and 20, were calculated 
using that probability model. 

4. DISCUSSION OF OVERSTRENGTH FACTORS 

4.1 Beam Flexural Overstrength Factors 

From Tables 17, 18 and 19, it can be 
seen that the beam sections containing 
Grade 38 0 steel as longitudinal reinforce­
ment have much higher overstrength factors, 
at both <J>/<|> = 10.0 and at (j>/<j> = 20.0, 
than the beams containing Grade7 275 steel 
as longitudinal reinforcement. The large 
increase in flexural strength of the 
members reinforced by Grade 38 0 steel at 
high curvatures is caused mainly by the 
strain hardening of that steel which occurs 
soon after yielding. In the case of Grade 
27 5 steel, which has longer yield plateau 
than Grade 38 0 steel, the strain hardening 
does not occur so early. At a curvature 
ductility factor of <J>/(|) = 10.0, the tensile 
strain present in Grade^275 longitudinal 
steel in the beam models is generally 
still in the yield plateau (that is, at 
less than the strain hardening strain e ^) , 
whereas the tensile strain present in 
Grade 380 longitudinal steel is generally 
greater than e ̂ , meaning that strain 
hardening has Sdcurred in that steel. 

Tables 17, 18 and 19 show that the 
stress-strain properties of the longitudin­
al reinforcing steel and the level of 
curvature ductility factor have the most 
important influence on the flexural over-
strength factor for beams. In general, 
variations in the longitudinal steel 
content, concrete compressive strength, 
confinement from transverse reinforcement, 
and section shape within the normal design 
ranges, have much less significant effects 
on the flexural overstrength factors for 
beams. 

The currently used flexural over-
strength factors for beams in New 
Zealand are 4) .= 1.25 for Grade 275 steel 
and «j) . = 1. 40°tor Grade 380 steel. These 
currently used values were based on the 

more limited data on reinforcing steel 
properties available at the time of the 
formulation of NZS 3101 [3]. Table 21 
shows average values of (<f> .) and .) 
obtained in this study, which™ are 0 1 * 
based on the more comprehensive measured 
data now available. It should be noted 
that (cj) -) mis based on the mean of the 
flexural overstrength factors 4> . and that 
(<j> • ) 95 i s based on the mean of °"the 95% 
upper tail probability values. Also, when 
calculating the overstrength factors <J> -in. 
this study, the 5% lower tail probability 
value of steel yield strengths was used to 
compute the ideal flexural strength, namely 
f = 295 MPa and f = 410 MPa, instead of 

specified minimum yield strengths, 
namely 275 MPa and 380 MPa, for Grade 275 
and Grade 380 steel, respectively. The 
curvature ductility factors §j<\> = 10 and 
20 are considered to be reasonable lower 
and upper limit demands for the plastic 
hinge regions of ductile reinforced 
concrete frames responding with a beam 
sidesway mechanism during a severe 
earthquake [4]. 

4.2 Column Flexural Overstrength Factors 

From the results tabulated in Table 
20 it is apparent that the variable which 
has the major effect on the flexural 
overstrength factors of columns is the 
level of axial load. This finding agrees 
with the results of previous investigations 
[20]. It is also detected that there are 
no significant differences between the 
column flexural overstrength factors at 
<j>/4> = 10 and 20 for the columns considered 
in &iis study. The columns contained the 
amount of confining reinforcement recommend­
ed by NZS 3101 [3] for the potential 
plastic hinge regions of columns which are 
not protected from yielding by capacity 
design. 

The average values of ( ) ra and 
(<j> . ) for the two levels of°axial load 
investigated are shown in Table 22. It is 
of interest to compare these results with 
the column flexural overstrength values 
obtained from the following empirical 
formulae proposed by Ang et al [20]: 

P e When 1 F T ^ - < 0.1 , <$> . = 1.30 (19a) f * A ' YOx 
c g 
p When -rrf- > 0 .1 ,<{>.= 1. 30 f A oi c g 

r p \2 

+ 2.70 ? T f - - 0.1 (19b) 

Eq. 19 gives the upper limit of <J> . values 
observed from the experimental results of 
more than 33 reinforced concrete columns 
tested at the University of Canterbury [20]. 
The mean experimental values of <j> . were 
observed to be 15% lower than the%pper 
limit values given by Eq. 19. The column 
flexural overstrength values obtained using 
Eq. 19 for P /f'A = 0 . 3 and 0.7 are 1.41 
and 2.27, refpeSt?vely. It is evident 
that Eq. 19 gives reasonable agreement 
with the ($ « ) Q r values shown in Table 22. 
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TABLE 17 : T-Beam Flexural Overstrength Factors for Positive Moment 
= 10.0 and <$>/<£> =20.0 

Steel 
Grade 

Concrete 
f B 

c 
P'/P P 

(%) 
Confinement R10 - 6d, or d/4 

D Steel 
Grade 

Concrete 
f B 

c 
P'/P P 

(%) <t>/<j> = 10.0 Y <f>/<t> = 20.0 Y 

Steel 
Grade 

Concrete 
f B 

c 
P'/P P 

(%) 

foi m CoV(%) •oi',95 1 max 1 Yoi m CoV(%) <*oi>.95 I D I 1 max 1 

Grade 
275 

Steel 

20 MPa 
0.50 

0.75 

1.46 

1.095 

1.106 

4.51 

4.30 

1.176 

1.184 

0.0601 

0.0416 

1.289 

1.304 

5.51 

5.41 

1.406 

1.420 

0.0366 

0.0319 

Grade 
275 

Steel 

20 MPa 

1.00 
0.75 

1.50 

1.080 

1.108 

4.57 

4.43 

1.161 

1.189 

0.0649 

0.0442 

1.287 

1.298 

5.48 

5.12 

1.403 

1.407 

0.0386 

0.0396 Grade 
275 

Steel 

30 MPa 
0.50 

0.75 

1.50 

1.085 

1.090 

4.62 

4.31 

1.167 

1.167 

0.0485 

0.0383 

1.281 

1.293 

5.51 

5.22 

1.397 

1.404 

0.0455 

0.0247 

Grade 
275 

Steel 

30 MPa 

1.00 
0.75 

1.50 

1.058 

1.097 

4.45 

4.51 

1.135 

1.178 

0.0363 

0.0606 

1.263 

1.302 

5.38 

5.11 

1.375 

1 , 4 1 1 

0.0219 

0.0464 

Grade 
380 

Steel 

20 MPa 
0.50 

0.75 

1.46 

1.398 

1.397 

5.81 

5.83 

1.532 

1.531 

0.0422 

0.0509 

1.608 

1.591 

5.23 

5.09 

1.746 

1.724 

0.0468 

0.0529 

Grade 
380 

Steel 

20 MPa 

1.00 
0.75 

1.50 

1.383 

1.397 

6.04 

5.60 

1.520 

1.526 

0.0380 

0.0378 

1.600 

1.577 

5.46 

4.81 

1.743 

1.702 

0.0413 

0.0505 Grade 
380 

Steel 

30 MPa 
0.50 

0.75 

1.50 

1.384 

1.395 

6.08 

6.02 

1.522 

1.533 

0.0260 

0.0437 

1.599 

1.594 

5.50 

5.18 

1.744 

1.730 

0.0416 

0.0487 

Grade 
380 

Steel 

30 MPa 

1.00 
0.75 

1.50 

1.368 

1.398 

6.01 

5.77 

1.503 

1.531 

0.0554 

0.0350 

1.593 

1.573 

5.36 

4.72 

1.733 

1.695 

0.0579 

0.0420 

Steel 
Grade 

Concrete P'/P P 
(%) 

Confinement R12 - 50 mm 

Steel 
Grade 

Concrete P'/P P 
(%) 

4>/<J>y = 10.0 4>/<J>y = 20.0 Steel 
Grade 

Concrete P'/P P 
(%) (<j> .) V m CoV(%) [ W . 9 5 1 max 1 CoV(%) *»oi>.95 1 max 1 

Grade 
275 

Steel 

20 MPa -
0.50 

0.75 

1.46 

1.094 

1.108 

4.22 

4.55 

1.170 

1.191 

0.0430 

0.0418 

1.287 

1.305 

5.43 

5.36 

1.402 

1.420 

0.0361 

0.0386 

Grade 
275 

Steel 

20 MPa -

1.00 
0.75 

1.50 

1.079 

1.112 

4.27 

4.46 

1.155 

1.194 

0.0494 

0.0528 

1.284 

1.307 

5.45 

5.23 

1.399 

1.419 

0.0207 

0.0389 Grade 
275 

Steel 
30 MPa -

0.50 
0.75 

1.50 

1.085 

1.085 

4.55 

4 . 44 

1.166 

1.163 

0.0439 

0.0535 

1.281 

1.290 

5.70 

5.22 

1.401 

1.401 

0.0255 

0.0266 

Grade 
275 

Steel 
30 MPa -

1.00 
0.75 

1.50 

1.061 

1.096 

4.52 

4.44 

1.140 

1.175 

0.0463 

0.0461 

1.265 

1.301 

5.40 

5.26 

1.377 

1.413 

0.0188 

0.0279 

Grade 
386 

Steel 

20 MPa 
0.50 

0.75 

1.46 

1.391 

1. 391 

6.17 

5.92 

1.532 

1.526 

0.0412 

0.0372 

1.606 

1.582 

5.23 

5.12 

1.744 

1.715 

0.0425 

0.0579 

Grade 
386 

Steel 

20 MPa 

1.00 
0.75 

1.50 

1.384 

1. 394 

6.05 

5.46 

1.522 

1.519 

0.0362 

0.0373 

1.599 

1.568 

5.38 

4.85 

1.740 

1.693 

0.0434 

0.0502 Grade 
386 

Steel 
30 MPa 

0.50 
0.75 

1.50 

1.380 

1.401 

5.91 

5.84 

1.514 

1.535 

0.0376 

0.0458 

1.593 

1.602 

5.31 

4.97 

1.732 

1.733 

0.0449 

0.0534 

Grade 
386 

Steel 
30 MPa 

1.00 
0.75 

1.50 

1.363 

1.393 

5.94 

5.96 

1.496 

1.530 

0.0406 

0.0438 
1.591 

1.563 
5.37 

4.95 
1.731 
1.690 

0.0646 

0.0507 

Notes: - Sample size n - 500 
- Critical value D a, at a = 1% : 0.0729 

n at a - 10% : 0.0546 
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TABLE 18 : T-Beam Flexural Overstrength Factors for Negative Moment 
at <j>/<|> =10.0 and <|>/<j> =20.0 

Steel 
Grade 

Concrete 
f' 
c 

P ' /P P 
(%) 

Confinement R10 - 6d, or d/4 b Steel 
Grade 

Concrete 
f' 
c 

P ' /P P 
(%) <\>/$ = 10.0 4>/4>y = 20.0 

Steel 
Grade 

Concrete 
f' 
c 

P ' /P P 
(%) 

v yoi m CoV(%) < W . 9 5 |D | 1 max 1 
!(<t> • ) 
* T 0 1 I D 

CoV(%) (*oi>.95 1 max 1 

Grade 
275 

Steel 

20 MPa 
0. 50 

0.75 

1. 46 
1.114 
1.126 

4.66 

4.58 

1.199 

1. 211 

0.0728 

0.0536 

1.320 

1.256 

5.18 

4. 68 
1.432 
1.353 

0.0573 

0.0363 

Grade 
275 

Steel 

20 MPa 

1.00 
0.75 
1.50 

1.118 
1.122 

4.44 

4.53 

1.199 
1.206 

0.0366 

0.0458 
1.319 
1.320 

5.12 

4.87 

1.430 

1. 426 

0.0420 

0.0489 Grade 
275 

Steel 
30 MPa 0.50 

0.75 

1.50 

1.111 

1.116 

4. 66 

4.56 

1.196 

1.200 

0.0626 

0.0444 

1.315 

1.253 

4.95 

4. 58 

1.422 

1.347 

0.0516 

0.0363 

Grade 
275 

Steel 
30 MPa 

1.00 
0.75 
1.50 

1.110 

1.121 

4.51 
4. 31 

1.192 
1.200 

0.0330 

0.0325 

1.304 

1.304 

5.18 

4.92 
1.415 
1. 409 

0.0464 

0.0367 

Grade 
380 

Steel 

20 MPa 
0.50 

0.75 
1. 46 

1. 413 

1.330 

5. 62 

4.95 

1.544 

1.438 
0.0342 
0.0411 

1. 499 
1.387 

4.26 

3.99 
1. 604 
1. 478 

0.0435 
0.0435 

Grade 
380 

Steel 

20 MPa 
1. 00 

0.75 
1.50 

1 . 405 
1. 424 

5.71 

5 . 62 

1.537 
1.556 

0.0492 

0.0354 
1.606 
1.568 

5.27 

5.10 

1.745 

1.699 

0.0528 

0.0450 Grade 
380 

Steel 
30 MPa 

0.50 
0.75 
1.50 

1. 406 

1.332 

5.37 

4.79 

1.530 

1.437 

0.0351 

0.0309 

1. 527 
1.388 

4.32 

3. 67 
1.635 
1.472 

0.0463 

0.0431 

Grade 
380 

Steel 
30 MPa 

1.00 
0.75 

1.50 

1.405 

1.400 

5. 68 

5.74 

1.536 

1. 532 

0.0435 

0.0313 

1. 604 

1.561 

5.42 

5.03 

1.747 

1. 690 

0.0624 

0.0491 

Steel 
Grade 

Concrete P'/p P 
Confinement R12 - 50 mm 

Steel 
Grade 

Concrete P'/p P <j>/<j> = 10.0 <p/$Y = R12 - 50 mm Steel 
Grade 

Concrete P'/p P 
(<$> . ) Ol IT CoV{%) ̂ oi }.95 |D | 

1 max ! 
oi n CoV(%) ( W . 9 5 1 max 1 

Grade 
275 

Steel 

20 MPa 
0.50 

0.75 
1.46 

1.119 

1.126 

4. 69 

4.62 

1.205 
I. 212 

0.0366 

0.0405 

1.322 

1.280 

5.06 
4.92 

1.432 

1.384 

0.0344 
0.0422 

Grade 
275 

Steel 

20 MPa 

1. 00 
0.75 

1.50 

1.112 
1.124 

4.44 

4.46 

1.192 
1. 206 

0.0430 

0.0518 

1.318 
1.313 

5.36 

4.70 

1.434 

1.414 

0.0548 

0.0403 Grade 
275 

Steel 
30 MPa 

0.50 
0.75 
1.50 

1.112 
1.117 

4.57 

4. 45 

1.196 
1.199 

0.0343 
0.0699 

1. 311 
1. 266 

4.96 
4.42 

1. 418 

1.358 
0.0288 
0.0435 

Grade 
275 

Steel 
30 MPa 

1. 00 
0.75 
1.50 

1.106 
1.122 

4.48 

4.53 

1.187 

1.206 

0.0612 

0.0476 

1.303 

1. 302 

5.31 

4.75 

1.417 

1. 404 

0.0375 

0.0384 

Grade 
380 

Steel 

20 MPa 
0.50 

0. 75 
1.46 

1.409 
1.356 

5.51 
5.14 

1.537 
1.471 

0.0503 
0.0306 

1. 545 
1.504 

5.16 
4.94 

1. 676 
1.626 

0. 0573 
0.0473 

Grade 
380 

Steel 

20 MPa 

1. 00 
0.75 

1.50 

1.414 

1. 422 

5.83 

5 . 66 

1. 550 
1.554 

0.0395 

0.0395 

1.611 

1.580 

5.31 

5.35 

1.752 

1.719 

0.0383 

0.0499 Grade 
380 

Steel 
3 0 MPa 

0.50 
0.75 

1.50 

1. 408 

1.349 

5.38 

5.06 

1.533 

1.461 

0.0347 

0.0546 

1.558 

1.513 

4.99 

4.75 

1.686 

1.631 

0.0499 

0.0514 

Grade 
380 

Steel 
3 0 MPa 

1.00 
0.75 

1.50 

1.398 

1.392 

5.73 

5.79 

1.530 

1.525 

0.0300 

0.0385 

1.603 

1.572 

5.37 

5. 48 

1.745 

1.714 

0.0619 

. 0.0536 

Notes: - Sample size n ~ 500 
- Critical value D " , at a = 1*4 : 0.0729 

n at a = 10% : 0. 0546 
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TABLE 19 : Rectangular Beam Flexural Overstrength Factors at (ft/fl = 10.Q and 

Steel 
Grade 

Concrete P'/P P 
(%) 

Confinement Rl0 - 6d, or d/4 
D 

Steel 
Grade 

Concrete P'/P P 
(%) cj)/<t> = 10.0 4>/4 = 20.0 

Steel 
Grade 

Concrete P'/P P 
(%) 

Yoi m CoV(%) (*oi>.95 |D | 1 max 1 <<J> • ) oi m CoV(%) ( W . 9 S |D | 1 max 1 

Grade 
275 

Steel 

20 MPa 
0.50 

0.75 

1.46 

1.124 

1.122 

4.60 

4.96 

1.209 

1.213 

0.0714 

0.0452 

1.310 

1.267 

5.04 

4.47 

1.419 

1.360 

0.0628 

0.0440 

Grade 
275 

Steel 

20 MPa 

1. 00 
0.75 

1.50 

1.123 

1.124 

4.47 

4.32 

1.206 

1.204 

0.0505 

0.0393 

1.310 

1.291 

5.08 

4.75 

1.419 

1.392 

0.0452 

0.0356 Grade 
275 

Steel 

30 MPa 
0.50 

0.75 

1.50 

1.118 

1.119 

4.63 

4.86 

1.203 

1. 208 

0.0648 

0.0312 

1. 299 

1.277 

4.83 

4.36 

1. 402 

1.369 

0.0417 

0.0376 

Grade 
275 

Steel 

30 MPa 

1.00 
0.75 

1.50 

1.116 

1.119 

4.40 

4. 38 

1.197 

1.200 

0. 0433 

0.0460 

1.296 

1.278 

4.84 

4.66 

1.399 

1.376 

0.0309 

0.0443 

Grade 
380 

Steel 

20 MPa 
0.50 

0.75 

1.46 

1.405 

1.325 

5.28 

4.63 

1.527 

1.426 

0.0466 

0.0412 

1.509 

1.345 

4.57 

3.69 

1.622 

1.427 

0.0537 

0.0503 

Grade 
380 

Steel 

20 MPa 

1.00 
0.75 

1.50 

1.409 

1.403 

5. 59 

5.35 

1.539 

1. 526 

0.0494 

0.0575 

1.588 

1.572 

5. 37 

5.06 

1.728 

1.703 

0.0479 

0.0479 Grade 
380 

Steel 
30 MPa 

0. 50 
0.75 

1.50 

1.398 

1. 336 

5.12 

4.39 

1.516 

1.432 

0.0434 

0.0381 

1.512 

1.355 

4.51 

3.80 

1.624 

1.440 

0.0600 

0.0328 

Grade 
380 

Steel 
30 MPa 

1.00 
0.75 

. 1.50 

1.389 

1. 386 

5. 33 
5.17 

1.511 

1.504 

0.0646 

0.0388 

1.553 

1.550 

5.12 

4.94 

1.684 

1.676 

0.0702 

0.0547 

Steel 
Grade 

Concrete 
f 8 

c 
P'/P P 

(%) 

C Confinement R12 - 50 mm 

Steel 
Grade 

Concrete 
f 8 

c 
P'/P P 

(%) 
<j)/<f) = 10.0 

y 
4>/<j> y = 20.0 Steel 

Grade 
Concrete 

f 8 

c 
P'/P P 

(%) (cj> . ) 
Toi m 

CoV(%) ( W . 9 5 1 max 1 (<f> •) Yoi m CoV(%) ( W . 9 5 I D I 
1 max 1 

Grade 
275 

Steel 

20 MPa 
0.50 

0.75 

1.46 

1.126 

1.124 

4.37 

5.02 

1.207 

1.217 

0.0441 

0.0491 

1.309 

1.304 

4.85 

4.92 

1.413 

1.409 

0.0420 

0.0477 

Grade 
275 

Steel 

20 MPa 

1.00 
0.75 

1.50 

1.124 

1.130 

4.70 

4.33 

1.211 

1.210 

0.0569 

0.0451 

1. 312 

1.307 

5.18 

4.97 

1.424 

1.414 

0.0263 

0.0412 Grade 
275 

Steel 

30 MPa 
0.50 

0.75 

1.50 

1.118 

1.122 

4.70 

5.07 

1.204 

1.216 

0.0432 

0.0540 

1.298 

1.303 

4.66 

4.88 

1.397 

1.408 

0.0413 

0.0518 

Grade 
275 

Steel 

30 MPa 

1. 00 
0.75 

1. 50 

1.117 

1.116 

4. 49 

4.29 

1.199 

1.195 

0.0423 

0.0555 

1.291 

1.288 

4.71 

4.84 

1.391 

1.390 

0.0399 

0.0463 

Grade 
380 

Steel 

20 MPa 
0.50 

0. 75 

1.46 

1.407 

1.378 

5. 42 

5.38 

1.532 

1.500 

0.0453 

0.0561 

1.546 

1.527 

5.01 

5 . 02 

1.673 

1.653 

0.0389 

0.0494 

Grade 
380 

Steel 

20 MPa 

1.00 
0.75 

1.50 

1.404 

1.413 

5.56 

5.49 

1.532 

1. 541 

0.0529 

0.0329 

1.585 

1. 601 

5.56 

5.19 

1.730 

1.738 

0.0579 

0.0360 Grade 
380 

Steel 

30 MPa 
0.50 

0.75 

1.50 

1.389 

1. 379 

5.33 

5.25 

1.511 

1. 498 

0.0355 

0.0409 

1.534 

1.526 

5.29 

4.78 

1.667 

1.646 

0.0451 

0.0547 

Grade 
380 

Steel 

30 MPa 

1. 00 
0. 75 

1.50 

1.396 

1.392 

5.32 

5. 62 

1.518 

1.521 

0.0414 

0.0344 

1.570 

1.570 

5.35 

5.57 

1.708 

1.714 

0.0406 

0.0394 
Notes: - Sampe size n = 500 

- Critical value D a , at a = 1% : 0. 0729 
n at a = 10% : 0.0546 
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TABLE 20 : Square Column Flexural Overstrength Factors at = 10.0 
and j>/<$> = 20.0 y 

Steel 
Grade 

Concrete P 
e 

f'A 
c g 

st 
A 
g 

(%) 

<J>/d> =10.0 Y <t>/0 = 20.0 Steel 
Grade 

Concrete P 
e 

f'A 
c g 

st 
A 
g 

(%) CoV(%) <W.95 D 
max 

Yoi m CoV(%) <*oi>.95 D 
max 

Grade 
275 

Steel 

20 MPa 

0.3 1.5 1.225 2.96 1.285 0.0529 1.242 3.02 1.304 0.0413 

Grade 
275 

Steel 

20 MPa 

0.3 
3.0 1.216 3.05 1.277 0.0278 1.227 3.02 1.288 0.0319 

Grade 
275 

Steel 

0.7 
1.5 2.135 3.47 2.288 0.0395 2.135 4.35 2.288 0.0374 

Grade 
275 

Steel 

0.7 
3.0 1.728 4.62 1.859 0.0392 1.733 4. 43 1 .859 0.0371 Grade 

275 
Steel 

"3 n m d => 

0.3 
1.5 1.190 2.39 1.237 0.0522 1.216 2.56 1. 267 0.0427 

Grade 
275 

Steel 

"3 n m d => 

0.3 
3.0 1.182 2.88 1.238 0.0211 1.187 2.82 1. 242 0.0243 

Grade 
275 

Steel 

J U citra 
0.7 

1.5 2. 294 3.91 2.441 0.0560 2.294 3.91 2.441 0.0560 

Grade 
275 

Steel 

J U citra 
0.7 

3.0 1.840 4.01 1.961 0.0431 1.840 4.01 1.961 0.0431 

Grade 
380 

Steel 

0 H MID a 

0.3 
1.5 1.337 3.78 1.420 0.0291 1.389 3.30 1.464 0.0325 

Grade 
380 

Steel 

0 H MID a 

0.3 
3.0 1.345 4. 39 1.442 0.0414 1.446 4.02 1.542 0.0409 

Grade 
380 

Steel 

Z U W r a 

0.7 
1.5 2.156 3.94 2.296 0.0217 2.182 3.81 2.319 0.0342 

Grade 
380 

Steel 

Z U W r a 

0.7 
3.0 1.850 4.14 1.976 0.0361 1.923 3.92 2.047 0.0339 Grade 

380 
Steel 

30 MPa 
0.3 

1.5 1.307 3.35 1.379 0.0145 1.333 2.96 1.398 0.0220 
Grade 
380 

Steel 

30 MPa 
0.3 

3.0 1. 296 3.79 1. 377 0.0371 1. 354 3.47 1. 431 0.0329 

Grade 
380 

Steel 

0.7 
1.5 2.267 3.95 2.414 0.0464 2.268 3.94 2.415 0.0455 

Grade 
380 

Steel 

0.7 
3.0 1.909 3.93 2.032 0.0314 1.914 3.82 2. 034 0.0286 

Notes: - Sample size n = 5 0 0 
- Critical value D , at a = 1% : 0.0729 

n at a = 10% : 0.0546 

TABLE 21 : Effect of Curvature Ductility Factor on Beam Flexural Overstrength 
Factors 

Steel 
Grade 

Average value of (<J> .) 
ox m 

Average value of ( 4 > 0 ^ ) 9 5 Steel 
Grade 

at (J)/(J) = 10.0 at <j>/(|> = 20.0 at <|>/<j) = 10.0 at < £ / 4 > Y = 20.0 

Grade 275 1.11 1.30 1.19 1.40 

Grade 380 1.39 1.55 1.52 1.68 

TABLE 22 : Effect of Axial Load Level on Column Flexural Overstrength 
Factors 

p 
e 

(4> . ) Yoi'm °i j .95 Based on 
Eq. 19 f A c g Av. Value CoV(%) Av. Value CoV(%) 

Based on 
Eq. 19 

0.3 1.28 6.31 1.35 6.98 1.41 
0.7 2. C3 10. 15 2.16 10.00 2.27 

Notes: (d> .) -mean of d> . 

(4> • ) Q R = mean of 95% upper tail normal probability values of $ 
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4.3 Effect of the Proposed Flexural 
Overstrength Factors on Steel Usage 

It is of interest to compare the 
quantities of reinforcement required in 
ductile moment resisting reinforced concrete 
frames designed using the currently 
adopted yield strengths and overstrength 
factors and designed using the values 
suggested in this study. In this compar­
ison it will be assumed that the curvature 
ductility demand at the plastic hinge 
regions in the beams is <$>/ty^ = 15. 

(a) Using Grade 275 Longitudinal Steel 

According to this study the flexural 
overstrength factor can be taken as 
approximately <j> .=1.30 (see Table 21) , with 
the ideal stren§ths calculated using f = 
295 MPa for deformed longitudinal steei and 
f = 300 MPa for plain round transverse 
steel. These values can be compared with 
the currently used values of <f> . =1.25 and 
f = 275 MPa. 0 1 

y 
The effects of using the <J> . and f 

values proposed in this study on 1the ^ 
quantities of longitudinal and transverse 
steel in the plastic hinge regions of beams 
of ductile frames designed on the basis of 
a strong column-weak beam concept are: 

(i) The amount of longitudinal steel is 
reduced to approximately (275/295) x 
100 = 93% of the currently calculated 
quantity, due to the higher proposed 
design yield strength. 

(ii) The amount of transverse beam steel 
required to resist the beam shear 
induced by the beam overstrength 
moments found using capacity design 
is reduced to approximately 

1.30 275 l n A 

T725 X 300 X 1 0 0 = 9 5 % 

of the currently calculated quantity, 
where the 1.30/1.25 is due to the 
change in <j> . value, and the 275/300 
is due to yield strength of the 
shear reinforcement being taken as 
300 MPa rather than 275 MPa. 

Similarly the amounts of longitudinal 
and transverse steel required in the 
columns and beam-column joint cores, found 
from the beam overstrength moments using 
capacity design are reduced to approximately 
95 to 96% of the currently calculated 
quantities due to the reduced longitudinal 
beam steel and change of <b . and f values. 

^ roi y 
It is evident that in this case using 

the rj> ̂ and f values proposed in this study 
will Sead to^a reduction in reinforcement 
required. 
(b) Using Grade 38 0 Longitudinal Steel 

According to this study, approximately 
<j> . = 1.60(see Table 21) with the ideal 
sSrengths calculated using f = 410 MPa for 
deformed longitudinal steel Xnd f = 300 
MPa for plain round (Grade 275) transverse 
steel. These values can be compared with 

the currently used values of c|> . = 1. 40 and 
f = 380 or 275 MPa. 0 l 

y 
The effects of using the <$> . and f 

values proposed in this study ar§^ ^ 

(i) The amount of longitudinal beam steel 
is reduced to approximately (380/410) 
x 100 = 93% of the currently used 
quantity. 

(ii) The amount of transverse beam steel 
required to resist the beam shear 
induced by the beam overstrength 
moments found using capacity design 
is increased to approximately 

1.60 275 1 n n 

ITlO x 300 X 1 0 0 = 1 0 5 % 

of the currently calculated quantity. 

Similarly, the amounts of longitudinal 
and transverse steel required in the 
columns and beam-column joint cores are 
increased to approximately 105 to 106% of 
the currently calculated quantities. 

It is evident that in this case using 
the f and <J> . values proposed in this study 
will ead reduction in the 
longitudinal reinforcement required in the 
beams but an increase in the other 
reinforcement required. 

5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Conclusions from the results obtained 
in this study of the properties of Grade 
275 and 380 reinforcing steel manufactured 
by Pacific Steel Ltd, Auckland, during at 
least the last 5 years, are as follows: 

(a) The stress-strain relationships for 
Grade 275 and 380 reinforcing steel can be 
defined in terms of six variable basic 
parameters; namely the yield strength f , 
the ultimate strength f , the strain ^ 
hardening strain e . , strain at 
ultimate strength I , the modulus of 
elasticity E and tfie" strain hardening 
modulus of tfie steel E , at strain e . 

sh sh. 
(b) The statistical study verified that 
the sample values of the variable parameters 
f , f ' e h' E s a n d E h w e r e n o r m a l l y 
d¥striBute8. s The nSmber of sample values 
of £ were insufficient for any statistical 
conclusions to be reached. 

(c) The 5% lower tail normal probability 
value of the yield strength f was 295 MPa 
for Grade 275 steel deformed X>ars, 300 MPa 
for Grade 275 steel plain bars, and 410 MPa 
for Grade 380 steel deformed bars. There was 
no significant influence of bar diameter on 
the measured yield strengths. 

(d) It was found that there was a strong 
correlation between the yield strength and 
the ultimate strength for a given bar. For 
Grade 275 steel the ultimate strength was 
around 1.4 times its yield strength, 
whereas for Grade 380 steel the ultimate 
strength was around 1.5 times its yield 
strength. 
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(e) The flexural overstrength factors for 
beams, (b = M /M. _ were found by statistical 
analysis^ The moment M is the over-
strength moment at a particular curvature 
ductility factor <J>/<f» found by moment-
curvature analysis incorporating the Monte 
Carlo simulation technique to take into 
account the likely variation of the steel 
and concrete stress-strain properties, and 
M. is the ideal flexural strength 
calculated using the 5% lower tail normal 
probability value of steel yield strength. 

(f) The flexural overstrength factors 
for beams to be used in the capacity 
design of earthquake resistant structures 
can be obtained from Tables 17, 18 and 19 
for specific beam cases. Alternatively, 
average values for <J> . can be used. Based 
on the average value§ xof the 95% upper 
tail normal probability of the beam 
flexural overstrength factors, it was 
found that: 
If Grade 275 steel deformed bars are used 
as longitudinal reinforcement: 

<b 1.19 at d>/d) = 10.0 yoi T y y 
<j> .= 1.40 at d>/d> = 20.0 

If Grade 380 steel deformed bars are used 
as longitudinal reinforcement: 

4 > O J = 1.52 at = 10.0 

<£>o .= 1.68 at = 20.0 

The curvature ductility factors 4>/(J> of 
10 and 20 are regarded as the lower^ and 
upper limit of curvature demand at the 
plastic hinges of a ductile reinforced 
concrete moment resisting frame designed 
according to NZS 3101. 

For Grade 275 steel, the currently 
used flexural overstrength factor [3], 
namely <J> . = 1.25, falls between the above 
values f8r the two curvature ductility 
factors. However, for Grade 38 0 steel, the 
currently used flexural overstrength factor 
[3], namely <j)Q̂  = 1.40, is unconservative. 

(g) The large beam flexural overstrength 
factors 4> . found in this study are due to 
two main Sauses. First, the 95% upper 
tail yield strengths of the steel are 
significantly higher than the 5% lower 
tail values, namely 18% higher for Grade 
275 steel and 26% higher for Grade 380 
steel. Second, the increase in steel 
stress above the yield strength due to 
strain hardening can be significant. For 
Grade 275 steel where the strain hardening 
commences at approximately 14 times the 
yield strain, this effect is only 
significant at high curvatures. However, 
for Grade 38 0 steel where the strain 
hardening occurs at approximately 4 times 
the yield strain, this effect is much more 
significant even at <f>/4>Y = 10.0. 

(h) For columns the average values of the 
95% upper tail normal probability of the 
flexural overstrength factors was 
influenced mainly by the axial load level 
and showed a reasonable fit to the flexural 
overstrength values obtained from the 
empirical formula proposed as a result of 

previous experimental research conducted at 
the University of Canterbury [20]. 

5.2 Recommendations 

Recommendations based on the results 
of this study are as follows: 

(a) Use of the specified minimum yield 
strength of reinforcing steel in strength 
design may be considered to be unduly 
conservative, since all yield strengths of 
the grade of steel will be equal to or 
greater than that value. Use of the 5% 
lower tail normal probability value of 
steel yield strength provides a more 
reasonable basis for strength design than 
the specified minimum yield strength. 
This would mean using 295 MPa and 410 MPa, 
rather than 275 MPa and 380 MPa, for 
deformed bars from Grade 275 steel and 
Grade 380 steel, respectively, and 300 MPa 
for plain round bars from Grade 275 steel. 
This will lead to less reinforcement 
required and hence to economies in design. 
The 5% lower tail value is currently used 
in European and British codes when defining 
the characteristic yield strength which is 
used in design. 

(b) If the curvature ductility factor 
demands of the beam plastic hinges in a 
ductile moment resisting reinforced concrete 
framed structure,which is designed for 
adequate ductility to resist seismic forces 
in accordance with NZS 3101 [2], are not 
assessed, the average value of beam over-
strength factors <j>oi required for capacity 
design may be taken as: 

- When Grade 275 steel is used as flexural 
reinforcement: 

Overstrength =1.30 x Ideal Strength 

- When Grade 380 steel is used as flexural 
reinforcement: 

Overstrength s 1.60 x Ideal Strength. 

These values are based on the flexural 
capacity of the beam plastic hinges when 
a curvature ductility factor of approx­
imately 15 is reached. 

(c) If the above values for the beam 
flexural overstrength factors are used in 
design it is to be noted that the ideal 
strengths of the members (for example, 
the ideal shear strength provided by the 
transverse reinforcement), resisting the 
overstrength actions found by capacity 
design, should be calculated using the 5% 
lower tail yield strength rather than the 
specified minimum yield strength- It 
can be demonstrated that using the beam 
overstrength factors and yield strengths 
recommended in this study in design will 
always lead to a reduction in the 
longitudinal steel required at the plastic 
hinges in beams, and either a reduction in 
the steel required elsewhere in the frame 
if Grade 275 steel is used or a slight 
increase if Grade 380 steel is used. 

(d) If the specified minimum yield 
strengths of the reinforcing steel are 
used as a basis for strength design, 
rather than the 5% lower tail yield 
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strengths suggested, the above recommended 
beam overstrength factors should be 
multiplied by 1.08, which is the ratio of 
the 5% lower tail yield strength to the 
specified minimum yield strength. 

(e) If the length of the yield plateau of 
high strength reinforcing bar, such as 
Grade 38 0 steel currently manufactured, 
could be increased, it would minimize the 
influence of steel strain hardening on the 
flexural overstrength of reinforced 
concrete members, thus leading to a much 
greater acceptance of that steel for use 
in the design of earthquake resistant 
structures, which eventually may result in 
possible economies and less congestion of 
reinforcement. 
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NOTATION 

= depth of equivalent rectangular 
compressive stress block as defined 
by NZS 3101 

= gross area of column section 
= area of longitudinal tension 

reinforcement 
= area of longitudinal compression 

reinforcement 
= total area of longitudinal 

reinforcement 
= width of a column and flange of a 

beam 
= width of web of beam 
= coefficient of variation 
= the maximum difference between the 

cumulative frequency of the existing 
data and the assumed theoretical 
distribution function 

= a random variable of D m a x whose 
distribution depends on the 
sample size n 

= the critical value for D at a 
significant level a where the 
sample size is n 

= distance from extreme compression 
fibre to the centroid of the 
tension reinforcement 

= modulus of elasticity of concrete 
= modulus of elasticity of steel 
= f /£ 

cc cc 
= strain hardening modulus for steel 

a t esh 
= tangent modulus of steel 
= longitudinal stress in concrete 
= compressive cylinder strength of 

concrete (unconfined strength) 
= peak strength of confined concrete 
= steel stress 
= ultimate steel strength 
= yield strength of longitudinal 

reinforcement 
= yield strength of transverse 

reinforcement 
- overall depth of column or beam 
= bending moment 
= ideal flexural strength calculated 

in accordance with Section 6.3.1 
of NZS 3101 when the specified 
material strengths are used 

= ideal flexural strength obtained 
from the same approach as for but 
using the actual measured material 
strengths rather than the specified 
strengths 

= maximum flexural strength 

Jsh 

su 

£yn 

h 
M 
M. i 

P 
P 

moment calculated at first yield of 
the longitudinal reinforcement 
number of sample values or sample 
size 
strain hardening power 
design axial load in compression at 
given eccentricity due to gravity 
and seismic loading acting on the 
member during an earthquake 
E /(E„ -
c c e /e c cc 

Esec ) 

"sh 

- significance level 
= longitudinal concrete strain 
= longitudinal strain at maximum 

confined concrete stress 
= longitudinal strain at maximum 

unconfined concrete stress 
= steel strain 
= steel strain at the commencement 

of strain hardening 
espall = l o n 9 i t u d i n a l strain at which cover 

P concrete is considered to have 
completely spalled and ceases to 
carry any stress 

e - ultimate steel strain 
su 

eAr = yield strain of steel 
strain rate 

ratio of tension reinforce-
A /bd 
mint 
A'/ bd = ratio of compression 
reinforcement 
volumetric ratio of longitudinal 
reinforcement based on the gross 
section area A 

g 
section curvature 

ox M /M. max I flexural overstrength factor 

oi m 
(*oi>.95 : 

) = mean value of <p . values 
mean value of the 95% upper tail 
normal probability values of (f>oi 

= theoretical yield curvature 
= curvature calculated at first yield 

of the longitudinal reinforcement 


