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Abstract:  600 MPa reinforcing steel, generally termed a high strength steel (HSS), provides the 
construction industry with the opportunity to decarbonize structures for a community demanding more 
sustainable development. However, simply producing a HSS without changing design models in 
Australian Standards limit these opportunities.

There are several models for design of columns in AS 3600, the best recognised is using a rectangular 
stress block (RSB) that limits the concrete strain under pure compression to 0.0025 and under combined 
bending and compression to 0.003, hence limiting the strain, and thus stress (force), in the compressive 
steel bar reinforcement. In particular, the limit of strain under pure compression restricts the stress in 
the steel to 500 MPa, which is significantly below that of a HSS. For combined bending and compression, 
the current chosen extreme compressive fibre strain, combined with load eccentricity and cover, also 
limits forces (stresses) carried by compressive bars.

Higher tier models allow the strain in the steel to reach significantly higher values, approaching strains 
of 0.003 in pure compression, which enables a 600 MPa steel to reach its potential. These models 
include consideration of concrete confinement provided by fitments and the time effects of creep and 
shrinkage. The models are discussed, and examples are presented on how to calculate the stress in 
the reinforcing steel at a column’s design ultimate load. 

Keywords:  High strength steel, 600 MPa, confinement, time effects, creep, shrinkage.

1. Introduction
In March 2023, the Intergovernmental Panel on Climate Change (IPCC) released its sixth synthesis 
report (AR6) summarising the challenges associated with climate change, including risks and impacts, 
and climate change mitigation and adaptation. It is recognised that “human activities … have 
unequivocally caused global warming, with global surface temperature reaching 1.1°C above 1850–
1900 in 2011–2020”, The report notes that, in-part, “the solution lies in climate resilient development” 
through a combination of adaptation and actions to reduce Green House Gas (GHG) emissions. Even 
prior to 2022 when the Australian Government released its Long-term Emissions Reduction Plan to 
achieve net zero emissions by 2050 [1] the construction industry, driven in part by organisations such 
as the Green Building Council of Australia and the Infrastructure Sustainability Council, were targeting 
net zero emissions [2]. The Government’s target has reaffirmed industry’s need to achieve the goal, 
noting it is estimated that the Australian construction industry is burdened with generating almost 20% 
of Australia’s carbon footprint [3].  

Initially, the construction industry’s push for net zero carbon focused on reducing emissions from the 
operation of the building, as this was the largest contributor. With significant improvements in building 
operation over the past 10 years, attention has shifted to the reduction of the embodied carbon 
(decarbonization) within a structure.

Manufacturers of construction materials, understanding the market’s desire to decarbonize, are 
continually looking for opportunities to produce products that allow construction with less embodied 
carbon. InfraBuild, the only Australian manufacturer of reinforcing steels, has conducted extensive 
research and development to produce higher strength grades of steel designed to reduce mass and, 
thus, embodied carbon.

While changes to the Australian Standard for Concrete structures in 2018 (AS 3600: 2018) allowed the 
use of high strength steel (HSS) bars, refinements are needed if the reinforced concrete (RC) industry 
is to more efficiently utilise the potential offered by these steels. Ng et al. [5] showed how the higher 
tiers of design using the curvilinear-plastic (C-P) stress block can achieve significant savings in the 
quantity of material required in a RC column. However, further improvements to the design model 
around the calculation of the squash load may reduce the quantity of steel needed to carry design loads. 



Figure 1. N-M interaction diagrams for 500 MPa and 600 MPa 
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2. Column Design to AS 3600 Using 600 MPa Reinforcing Steels
The 600 MPa reinforcing bars produced in Australia are available in diameters that give an equivalent 
capacity to 500N bars. This means that, in many instances, smaller diameter 600 MPa bars can be 
substituted for 500 MPa bars without changing their number or configuration in the member. While the 
smaller diameter 600 MPa bar has the same capacity, it has a lower mass and, thus, embodied carbon. 
Table 1 shows the equivalent capacity 600 MPa bars compared to 500N bars of larger diameter.

Table 1 - 600 MPa Equivalent Design Load Capacity Bars
600 MPa 500 MPa

Designation Diameter 
(mm)

Area 
(mm2)

Designation Diameter 
(mm)

Area 
(mm2)

Load Capacity
(kN)

S11 11.0 95 N12 12 113 57
S15 14.6 167 N16 16 201 101
S18 18.3 263 N20 20 314 157
S22 21.9 377 N24 24 452 226
S26 25.6 515 N28 28 616 308
S29 29.2 670 N32 32 804 402
S33 32.9 850 N36 36 1020 509
S37 36.5 1046 N40 40 1260 628

Column Axial Load – Moment (N-M) interaction diagrams provide a way of comparing the performance 
of columns with different bar types. There are several models for the design of columns in AS 3600, of 
which the best recognised uses a rectangular stress block (RSB) that limits the concrete strain under 

pure compression, and hence 
the strain in the steel, to 0.0025. 
This limits the stress in the steel 
to 500 MPa, which is significantly 
below that of a HSS. An 
alternative model uses the 
curvilinear-plastic stress block 
(C-PSB), which is a higher tier 
model that allows higher 
concrete strains than the RSB 
approach [4]. Fig. 1 shows the N-
M diagram using the C-PSB for a 
50 MPa concrete 600 x 400 mm 
section consisting of 8D500N28 
bars and with 8D600N26 bars.

The interaction curves in Fig. 1 
converge at the decompression 
point and pure bending points but 

diverge slightly towards their squash load and the balance points. Tests of columns reinforced with 
600 MPa bars [5] show that the N-M diagrams should have a closer correspondence to the curve for the 
column reinforced with the 500 MPa bars and, thus, there is capacity for model improvement.

The divergence of the curves at the squash load (N*) is due to the limit in the maximum strain of 0.0025, 
regardless of the stress block used, in combination with the reduced area of the 600 MPa bars. This is 
shown in Fig. 2, which plots the load capacity of the column versus strain. As load is applied to the 
column, it shortens, and it is assumed that both the concrete and steel have the same strain. As the 
strain increases, the strains (stresses) in both the concrete and steel increase until the strain reaches 
0.0025. At this point, the concrete has reached its strain at peak stress and further strain results in the 
concrete having lower stress, and thus load proportion. The stress in the steel and, hence, its capacity 
to carry more load continues to increase. This increase is more than offset by the decrease in the 
concrete’s contribution to strength, so a maximum is reached at a strain of about 0.0025.

The following Sections of this paper examine alternative models that better assess the concrete strain 
corresponding to its peak stress, in a similar way to design standards of other international 
jurisdictions [6], including consideration of time effects that impact the compatibility of the strains in the 
steel and concrete.



3. Effect of Concrete Confinement on Ultimate Strain
Confinement provided to the core of the section by fitments has the effect of modifying the concrete 
stress-strain relationship, leading to a higher strain at the ultimate load. In this scenario, more of or even 
the full, potential of the 600 MPa steel may be realised. Clause 3.1.4 of AS 3600 allows the use of 
recognised simplified equations to define the stress-strain relationship. The stress-strain equations in 

the fib Model Code [7], including 
those related to confining of 
concrete, would meet the 
requirements of this clause and is 
confirmed by its reference in Clause 
C10.6.1 in the AS 3600 
Commentary [8].

The fib Model Code 2010 requires 
that if the confined concrete 
properties are exploited in 
calculations, consideration is to be 
given to the spalling of the concrete 
cover and the potential for buckling 
of the longitudinal reinforcement. If 
sufficient fitments are provided to 
confine the concrete and restrain 
the longitudinal bars, the squash 

load may be determined by: 

(1)𝑁𝑢0.𝑐 =  ∝ 1.𝑐 ×  𝑓'𝑐.𝑐 × 𝐴𝑐.𝑐 +  𝐴𝑠 ×  𝑚𝑖𝑛( 𝐸𝑠 × 𝜀𝑐2.𝑐, 𝑓𝑠𝑦)

where  = in situ strength factor for concrete (0.9); = confined characteristic concrete strength; ∝ 1.𝑐 𝑓'𝑐.𝑐 
 = area of concrete core; that is, excluding the area of the cover concrete;  = area of the steel 𝐴𝑐.𝑐 𝐴𝑠

reinforcement;  = elastic modulus of steel;  = ultimate strain in the confined concrete; and  =  𝐸𝑠 𝜀𝑐2.𝑐 𝑓𝑠𝑦
yield stress of longitudinal bars.

The AS 3600 Commentary elucidates that the  term in the equation Eq. 3.1(e) includes two ∝ 1
components: “the in-situ strength factor for the concrete (taken as 0.9) and a factor to account for spalling 
of the cover concrete as the applied axial load nears ultimate”. However, in Eq. (1), here, it is assumed 
that all the cover concrete has spalled, leaving only the core concrete area ( ) and, thus,  is 0.9.𝐴𝑐.𝑐 ∝ 1.𝑐

By the fib Model Code 2010,  and  are:𝑓'𝑐.𝑐 𝜀𝑐𝑢.𝑐

(2)𝑓'𝑐.𝑐 =  𝑓'𝑐[1 + 3.5(𝜎2 𝑓'𝑐)3 4] 

(3)𝜀𝑐2.𝑐 =  𝜀𝑐𝑢[1 + 5(𝑓'𝑐.𝑐 𝑓'𝑐 ‒ 1)]
(4)𝜀𝑐𝑢.𝑐 =  𝜀𝑐𝑢2 + 0.2𝜎2/𝑓'𝑐

where  is the effective lateral compressive stress due to confinement at the ultimate limit state, and:𝜎2

 MPa𝜀𝑐2  = 0.0020 𝑓𝑜𝑟 𝑓'𝑐 ≤ 50

 MPa𝜀𝑐2  = 0.0020 + 0.000085(𝑓'𝑐 ‒ 50)0.53 ≤ 0.0035    𝑓𝑜𝑟 𝑓'𝑐 > 50

 MPa𝜀𝑐𝑢2 = 0.0035  𝑓𝑜𝑟 𝑓'𝑐 ≤ 50

 MPa𝜀𝑐𝑢2 = 0.00260 + 0.035[(90 ‒ 𝑓'𝑐)/100]4 𝑓𝑜𝑟 𝑓'𝑐 > 50

AS 3600 Clause 10.7.3.3 gives guidance on how to calculate the core confinement, using a method that 
is analogous to those in the fib Model Code. The confining pressure r.eff (referred to as  in the fib 𝑓 𝜎2
Model Code) can be calculated by:

 (5)𝑓𝑟.𝑒𝑓𝑓 =  𝑘𝑒𝑓𝑟

where = effectiveness factor accounting for the arrangement of fitments  refer to Fig. 3; and  = 𝑘𝑒 𝑓𝑟 
average confining pressure on the core cross section taken at the level of the fitments.

The average confining pressure on the core at the level of the fitments shall be calculated as follows:

 (6)∑𝑚
1 𝐴𝑏.𝑓𝑖𝑡𝑓𝑠𝑦𝑠𝑖𝑛 𝜃 (𝑑𝑠𝑠)
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Figure 2.  Load versus strain in concrete and steel at N* 



where = cross sectional area of one leg of fitment;  = yield stress of the fitment;  = angle 𝐴𝑏.𝑓𝑖𝑡 𝑓𝑠𝑦  𝜃
between the fitment leg and the confinement plane;  = number of fitment legs crossing the fitment 𝑚
plane;  = overall dimension measured between centrelines of the outermost fitments; and  = centre-𝑑𝑠 𝑠
to-centre spacing of fitments along the column.

The effectiveness factor shall be calculated as:

(a) For rectangular sections:

(7)𝑘𝑒 = (1 ‒
𝑠

2𝑏𝑐)(1 ‒
𝑠

2𝑑𝑐)(1 ‒
𝑛𝑤2

6𝑏𝑐𝑑𝑐)
where = number of laterally restrained longitudinal bars;  = average clear spacing between adjacent 𝑛 𝑤
longitudinal bars;  = core dimension measured between the centrelines of the outermost fitments 𝑏𝑐
across the width of the section (Fig. 3); and  = core dimension measured between the centrelines of 𝑑𝑐
the outermost fitments across the depth of the section (refer Fig. 3). 

(b) For circular sections:

(8)𝑘𝑒 = (1 ‒ 𝑠 𝑑𝑠)2

AS 3600 Clause 10.7.3.3 offers an alternative calculation for the confining pressure for rectangular and 
circular columns:

(9)𝑓𝑟.𝑒𝑓𝑓 =  0.5𝑘𝑒𝜌𝑠𝑓𝑠𝑦.𝑓

(10)𝜌𝑠 =
𝐴𝑏.𝑓𝑖𝑡 × 𝑡𝑜𝑡𝑎𝑙 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑓𝑖𝑡𝑚𝑒𝑛𝑡𝑠 𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝐴𝑐 × 𝑠

where Ac is the area of the core, bounded by the centreline of the outmost fitments.

𝑘𝑒 = (1 ‒
𝑠

2𝑑𝑠)2

𝑘𝑒 = (1 ‒
𝑠

2𝑎𝑐)2(1 ‒
𝑛𝑤2

6𝑎2
𝑐

) 𝑘𝑒 = (1 ‒
𝑠

2𝑏𝑐)(1 ‒
𝑠

2𝑑𝑐)(1 ‒
𝑛𝑤2

6𝑏𝑐𝑑𝑐)
𝑓𝑟 =  

2𝐴𝑏.𝑓𝑖𝑡𝑓𝑠𝑦.𝑓

𝑑𝑠𝑠 𝑓𝑟 =  
2𝐴𝑏.𝑓𝑖𝑡𝑓𝑠𝑦.𝑓(1 + 𝑠𝑖𝑛 𝜃)

𝑏𝑐𝑠 𝑓𝑟 = 𝑚𝑖𝑛 (∑𝐴𝑏.𝑓𝑖𝑡𝑓𝑠𝑦.𝑓

𝑏𝑐𝑠 ,
∑𝐴𝑏.𝑓𝑖𝑡𝑓𝑠𝑦.𝑓

𝑑𝑐𝑠  )
(a)

Circular section
(b)

Square section
(c)

Rectangular sections

Figure 3.  ke and fr expressions for circular, square and rectangular column sections



4. Effect of Concrete Creep and Shrinkage on Steel Strain
AS 3600: 2018 Sup 1: 2022 [8] Clause C10.7 recognises that creep and shrinkage deformations 
increase the load on longitudinal reinforcing bars in a column. In a column subjected to a compressive 
load, creep and shrinkage of the concrete will cause a loss of stress in the concrete, resulting in higher 
forces being resisted by the bonded steel reinforcing and, thus, higher steel stresses. As a result, load 
is transferred from the concrete to the steel, as shown in [9, 10]. This approach is also under 
consideration for the fib Model Code, 2020 [11].

A model based on equilibrium and compatibility described by Foster et al. [12] demonstrates that 
concrete shrinkage strain  transfers the compressive load out of the concrete into the bonded steel 𝜀𝑐𝑠
reinforcement. The added stress in the steel due to concrete shrinkage is given by:

(11)𝜎𝑠𝑐.𝑠 =  𝐸𝑠 𝜀𝑐𝑠 (1 + 𝑛𝑝)

where  compressive stress in steel due to shrinkage;  = steel modulus of elasticity;  𝜎𝑠𝑐.𝑠 = 𝐸𝑠 𝜀𝑐𝑠 =  
shrinkage strain in the concrete;  Es/Ec (modular ratio); and  As/Ac (reinforcement ratio).𝑛 = 𝑝 =

This equation, together with AS 3600 Clause 3.1.7 for calculating the concrete’s shrinkage strain, can 
be used to model the additional stress in the steel that results from this shrinkage. 

A similar model described by Foster et al. [12] for creep demonstrates that the creep strain  in the 𝜀𝑐𝑐
concrete transfers a load  into the bonded steel reinforcement. The additional stress in the steel due 𝜎𝑠𝑐.𝑐
to creep of the concrete is:

(12)𝜎𝑠𝑐.𝑐 =  𝜎𝑠0[1 + 𝜑𝑐𝑐 (1 + 𝑛𝑝)]
where  the initial sustained stress in steel; and  design creep coefficient (obtained from 𝜎𝑠0 = 𝜑𝑐𝑐 =  
AS 3600 Clause 3.1.8).

5 Application of the Proposed Models 
In this section the proposed design models are applied to examples to demonstrate the impact of the 
proposed model on the squash load. 

5.1 Example 1 – confinement 
Consider the column section shown in Fig. 4 to examine the impact confinement from the fitments has 
on the section. 

The squash load by AS300 is:

𝑁𝑢𝑜 = ( ∝ 1 ×  𝑓'
𝑐 ×  𝐴𝑐) +  (𝐴𝑠 ×  𝜎𝑠) 

where for  MPa: 𝑓'𝑐 = 65

;   thus, ∝ 1:  0.72 ≤ 1.0 ‒ 0.003 × 65 ≤ 0.85 ∝ 1 ∝ 1 = 0.805

𝐴𝑠 =  20 × 𝜋 × (32.9 2)2 = 17,000 𝑚𝑚2

𝐴𝑐 = 𝜋 × (1,200 2)2 ‒ 17,000 = 1,100 × 103 𝑚𝑚2

𝑑𝑠 = 1,200 ‒ 2 ×  40 ‒ 18 = 1,102 𝑚𝑚

 (limited by concrete strain = 0.0025)𝜎𝑠 = 500 𝑀𝑃𝑎

 = 66,100 kN𝑁𝑢𝑜 = (0.805 ×  65 ×  1,100 × 103) + (17,000 ×  500)  

 kN∅𝑁𝑢𝑜 = 0.65 × 66,100 = 43,000

Dimensions:
D = 1200 mm;  
cover = 40 mm

Reinforcing steel:
Longitudinal: 20S33 (600 MPa grade)
Fitments: S18@300 (600 MPa grade)

Concrete:  f’c = 65 MPa

Figure 4.  Design example – confinement



Calculate the effectiveness factor of the fitments using Eq. 8:

𝑘𝑒 = (1 ‒
𝑠

2𝑑𝑠)2

= (1 ‒
300

2 × 1,102)
2

= 0.7463

Calculate confining pressure using the equation from Fig 3(a):

𝑓𝑟 =  
2𝐴𝑏.𝑓𝑖𝑡𝑓𝑠𝑦.𝑓

𝑑𝑠𝑠 =
2 × 𝜋 × (18.3/2)2 × 600

1,102 × 300 = 0.955     

Calculate the effective confining pressure using Eq 5:

  𝑓𝑟.𝑒𝑓𝑓 =  𝑘𝑒𝑓𝑟  =  0.7463 × 0.9550 =  0.713

Calculate confined characteristic concrete strength Using Eq. 2:

(where )𝑓'𝑐.𝑐 =  𝑓'𝑐[1 + 3.5(𝜎2 𝑓'𝑐)3 4] 𝜎2 =  𝑓𝑟.𝑒𝑓𝑓

 MPa𝑓'𝑐.𝑐 =  65[1 + 3.5(0.713 65)3 4]  =  72.7

Calculate the strain at peak stress of the confined concrete using Eq. 3:

  ;   for 65 MPa concrete𝜀𝑐2.𝑐 =  𝜀𝑐𝑢[1 + 5(𝑓'𝑐.𝑐 𝑓'𝑐 ‒ 1)] 𝜀𝑐𝑢 = 0.0027 

𝜀𝑐2.𝑐 =  0.0027[1 + 5(72.7 65 ‒ 1)]   =  0.0043

Calculate the squash load using Eq. 5.1(a):

𝑁𝑢0.𝑐 =  ∝ 1.𝑐 ×  𝑓'𝑐.𝑐 × 𝐴𝑐.𝑐 +  𝐴𝑠 ×  𝑚𝑖𝑛( 𝐸𝑠 × 𝜀𝑐2.𝑐, 𝑓𝑠𝑦)

𝐴𝑠 =  20 × 𝜋 × (32.9 2)2 = 17,000 𝑚𝑚2

𝐴𝑐.𝑐 =  𝜋 × (1,102 2)2 ‒ 17,000 = 936,000 𝑚𝑚2

   𝑁𝑢0.𝑐 = [0.9 ×  72.7 × 936,000 +  17,000 × 𝑚𝑖𝑛 (2 × 105 × 0.0043, 600)] × 10 ‒ 3 = 71,400 𝑘𝑁

(66,100 kN)            > 𝑁𝑢𝑜 

   = ∅𝑁𝑢𝑜 = 0.65 × 71,400 46,400 𝑘𝑁

The squash load of 46,400 kN, if confinement of the concrete is considered, compares with the lower 
value of 43,000 kN when confinement of the concrete is ignored. This example shows that for large 
columns, the reduction in capacity even with the loss of cover associated with the confined concrete 
model is more than compensated for by the additional concrete stress in the core and the additional 
strain allowing the full utilisation of the 600 MPa steel.

5.2 Example 2 – creep and shrinkage
In this second example, consider a stocky column shown in Fig. 5 
reinforced with 6S29 bars (600 MPa grade) with 50 MPa concrete, 𝑓'𝑐 =  
in a building that is to be opened after one year of construction. The 
building is in a temperate environment. Assuming the full strength of the 
bars can be utilised, the squash load for the section is:

 𝐴𝑠 = 6 ×  670 = 4,020 𝑚𝑚2  

 𝐴𝑐 = 600 ×  400 ‒ 4,020 = 236 × 103 𝑚𝑚2  

 = 12,440kN𝑁𝑢𝑜 = [ (0.85 ×  50 ×  236 × 103 )
                   + (4,020 ×  600)] × 10 ‒ 3 

The elastic modulus of the concrete and reinforcement are 34.8 GPa 
(AS3600 Table 3.1.2) and 200 GPa, respectively, and thus the modular 
ratio is: n = 200/34.8 = 5.75.

Figure 5. Section for 
Example 2



First, examine the effects of shrinkage after one year considering that the member was to be cured for 
28 days, then exposed to the environment for the remainder of the time (i.e., 337 days). Using Eq. 11 
and AS 3600 Clause 3.7.1:

AS 3600 3.1.7.2(3)𝜀 ∗
𝑐𝑠𝑒 = (0.07𝑓 '

𝑐 ‒ 0.5) × 50 × 10 ‒ 6 = 150 × 10 ‒ 6

AS 3600 3.1.7.2(2)𝜀𝑐𝑠𝑒 =  𝜀 ∗
𝑐𝑠𝑒 (1.0 ‒  𝑒 ‒ 0.07𝑡)

           =  150 × 10 ‒ 6
 × (1.0 ‒  𝑒 ‒ 0.07 × 365) = 150 × 10 ‒ 6

AS 3600 3.1.7.2(4)𝜀𝑐𝑠𝑑 =  𝑘1𝑘4𝜀𝑐𝑠𝑑.𝑏 

 mm AS 3600 Sup. C3.1.7.2𝑡ℎ = 2 × 600 × 400 [2 × (600 + 400)] =  240

AS 3600 Figure 3.1.7.2𝑘1 = 0.865

for temperate environment𝑘4 = 0.6 

AS 3600 3.1.7.2(5)𝜀𝑐𝑠𝑑.𝑏 =  (0.9 ‒ 0.005 × 50) × 800 × 10 ‒ 6 = 520 × 10 ‒ 6

𝜀𝑐𝑠𝑑 =  0.865 × 0.6 × 0.00052 = 270 × 10 ‒ 6

AS 3600 3.1.7.2(1)𝜀𝑐𝑠 =  𝜀𝑐𝑠𝑒 + 𝜀𝑐𝑠𝑑 =  0.000150 + 0.000270 = 420 × 10 ‒ 6

from Eq. 11𝜎𝑠𝑐.𝑠 =  𝐸𝑠 𝜀𝑐𝑠/(1 + 𝑛𝑝)

𝑝 = 4,020 (600 × 400) = 0.0168

𝜎𝑠𝑐.𝑠 =  
2 × 105 × 0.000420
1 + 5.75 × 0.0168   = 77 𝑀𝑃𝑎

At the time of opening of the building (one year), the shrinkage strain in this example increases the 
stress in the reinforcing steel by 77 MPa. By the age-adjusted effective modulus method (AEMM) [13], 
the stress in the bars due to shrinkage is reduced slightly to 70 MPa.

Next, examine the effects of concrete creep on this column after one year assuming it was subjected to 
a sustained load of 20% of its capacity at ultimate at 56 days and 30% after 180 days.

From Eq.4.2 and AS 3600 Clause 3.8.1:

AS 3600 Cl. 3.1.8.3𝜑𝑐𝑐 = 𝑘2𝑘3𝑘4𝑘5𝑘6𝜑𝑐𝑐.𝑏

:  AS 3600 Fig. 3.1.8.3𝑡 = 365 ‒ 56 = 309 𝑑𝑎𝑦𝑠 𝑘2 = 0.852

:  AS 3600 Fig. 3.1.8.3𝑡 = 365 ‒ 180 = 185 𝑑𝑎𝑦𝑠 𝑘2 = 0.750

 𝜏 = 56 𝑑𝑎𝑦𝑠: 𝑘3 = 2.7 [1 + 𝑙𝑜𝑔(56)] = 0.982

 𝜏 = 180 𝑑𝑎𝑦𝑠: 𝑘3 = 2.7 [1 + 𝑙𝑜𝑔(180)] = 0.829

for temperate environment𝑘4 = 0.6 

for 𝑘5 = 1.0 𝑓 '
𝑐 ≤ 50 𝑀𝑃𝑎

for 𝑘6 = 1.0 𝜎𝑜 ≤ 0.45𝑓𝑐𝑚𝑖

AS 3600 Table 3.1.8.2𝜑𝑐𝑐.𝑏 = 2.4

𝜏 = 56 𝑑𝑎𝑦𝑠:

 𝜑𝑐𝑐 = 0.852 × 0.982 × 0.6 × 1.0 × 1.0 × 2.4 = 1.21

 𝜎𝑠0 = 0.2 × 12,440 × 103 × (5.75 × 0.0168) [(4,020 × (1 + 5.75 × 0.0168)] = 54.5 𝑀𝑃𝑎

𝜏 = 180 𝑑𝑎𝑦𝑠:

 𝜑𝑐𝑐 = 0.750 × 0.829 × 0.6 × 1.0 × 1.0 × 2.4 = 0.895

 ∆𝜎𝑠0 = 54.5/2 = 27.3 𝑀𝑃𝑎

Thus, the stress in the reinforcing bars at a time of one year after construction is calculated as:

 Eq. 12𝜎𝑠.365 =  ∑𝜎𝑠0[1 + 𝜑𝑐𝑐 (1 + 𝑛𝑝)]
               = 54.5 × [1 + 1.21 (1 + 5.75 × 0.0168)]



                         +  27.3 × [1 + 0.895 (1 + 5.75 × 0.0168)] =  164 𝑀𝑃𝑎

Using the AEMM [13] with aging factors of (365, 56) = 0.85 and (365,180) = 0.9, the stress in the bars 
due to creep at an age of one year is s.365 = 154 MPa.

At the time of the opening of the structure, at an estimated load of 30% of the section’s capacity, the 
stress in reinforcing steel because of elastic loading, creep and shrinkage is 164 +77 = 241 MPa, which 
corresponds to 40% of the yield stress of the bars. This indicates that 600 MPa steel bars in a RC 
column in compression, with strain in the concrete at ultimate of 0.0025, is likely to reach its yield stress 
well before concrete crushing due to stress induced in the bars by creep and shrinkage.

6. Conclusions
The squash load for a reinforced concrete column calculated using the current models in AS 3600: 2018 
does not fully utilise the strength of a 600 MPa HSS reinforcing bar because it limits the strain in the bar 
to the value at which concrete reaches its ultimate strain of 0.0025. Model improvements were discussed 
that potentially allows the capacity of a 600 MPa HSS to be better utilised.

The first of these model improvements considers the confinement provided by the fitments to increase 
the ultimate strain capacity in the concrete. In the numerical example the strain was improved from 
0.0025 to 0.0043 which allows the full capacity of the 600 MPa bar to be utilised. It should be noted 
however, in smaller columns, the loss of cover which is not confined by the fitments may reduce the 
squash load. 

Creep and shrinkage have a significant effect on the stresses in the concrete and steel bars and is 
currently ignored in the design models of Australian Standards. Further work is needed to study these 
effects and understand their importance in the development of reliable design models, particularly for 
realising the full benefit of higher strength reinforcing steels.
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