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Abstract:  The current version of the Australian Standards for Concrete Structures (AS3600) and Concrete 
Bridges (AS5100.5) have provisions for design for shear and torsion that are substantially different to the 
earlier versions of these codes, and which have had significant changes in code revisions since the initial 
release.  Although the provisions in each code are based on the same principles, there are significant 
differences in the detailed application, and both codes have some provisions that are open to differing 
interpretations.

In this paper the results from each code will be compared with Eurocode 2 and North American codes, 
focusing on the following areas:

 Comparison of the detailed and simplified design requirements:
 Design for combined shear and bending.
 Design for combined shear, bending and torsion.
 Design for combined shear and axial load.
 Requirements for the area and length of additional longitudinal steel for shear, and termination of 

flexural reinforcement.

The paper will summarise situations where the different codes have significantly different requirements, 
provide recommendations for the application of the codes where the stated provisions are ambiguous, and 
list areas in the design procedures where further research may be required, and/or where review of the code 
provisions is recommended.
Keywords:  shear, torsion, AS 3600, AS 5100.5, CSA S6.19, Eurocode 2, ACI 318, modified compression 
field theory, combined shear and torsion, longitudinal shear force

1. Introduction 
The principal Australian Standards covering the design of reinforced concrete structures for shear and 
torsion are AS 3600-2018, Concrete structures(1) and AS 5100.5-2017, Bridge design - Concrete(2).  The 
latest revisions are AS 3600 Amendment 2, published in May 2021, and AS 5100.5 Amendment 1, published 
in November 2018.  At the time of writing a second amendment to AS 5100.5 was in the final stages of 
drafting for public comment.  In this paper these standards are compared with:

 Canadian Highway Bridge Design Code, CSA 26:19 (3)
 ACI Building Code Requirements for Structural Concrete, ACI 318-19 (4)
 Eurocode 2 – 2004 (5)

The provisions for shear in the Canadian code are based on Modified Compression Field Theory and are 
very close to the latest Australian codes.  The shear provisions in the ACI 318 code were revised in the 
latest version after extensive public discussion, but remain based on an empirical approach.  The Eurocode 
has significant differences from all the other codes.

2. Basis of design for shear

2.1 Concrete capacity
Shear design in Australian concrete codes prior to the latest versions was based on an empirical approach 
relating the shear capacity of the concrete to the square root of its compressive strength, with adjustments 
related to the depth of the section.  

The current Australian and Canadian codes use modified compression field theory, which was defined in 
the 1986 paper "The Modified Compression-Field Theory for Reinforced Concrete Elements Subjected to 
Shear" by Vecchio and Collins (6). The paper summarises the approach as: 



“An analytical model … that is capable of predicting the load-deformation response of reinforced concrete 
elements subject to in-plane shear and normal stresses.  In the model cracked concrete is treated as a new 
material with its own stress-strain characteristics. … Consideration is also given to local stress conditions 
at crack locations.”

The theory therefore allows shear capacity to be modelled more accurately than earlier approaches, at the 
expense of more complex analysis and design procedures.

The ACI 318 and Eurocode 2 codes still use an empirical approach, similar to that used in earlier Australian 
code.  Provisions were added to the current ACI code (2019) to reduce the ultimate shear stress for deeper 
sections.  Eurocode 2 only uses the concrete shear capacity for sections where shear reinforcement is not 
a requirement.  Where shear reinforcement is required it is designed to carry the full shear force.

2.2 Reinforcement capacity
All the codes included in this paper use a truss analogy to determine the ultimate capacity of the shear 
reinforcement.  There are significant differences between the codes, particularly with regard to the angle of 
the truss compression strut and combination of stresses from shear and torsion.  These are discussed in 
more detail later in the paper.

2.3 Torsion capacity
All the codes use essentially the same procedure to determine torsion capacity, using an effective thin 
walled box section for all cases including solid sections.  As for the reinforcement capacity, there are 
significant differences between the codes in the way torsion stresses are combined with other actions.

2.4 Material reduction factors
The Australian codes and ACI 318 use a combined strength reduction factor, applied to the calculated 
section shear capacity.  The factor for shear is intermediate between the value for flexure and axial load 
because shear capacity is affected by both the concrete and steel strength.  AS 5100.5 uses a value of 0.7 
for all cases, as for previous versions of both AS 5100.5 and AS 3600.  The latest version of AS 3600 
increases this to 0.75, provided that Class N fitments are used.  ACI 318 also has a factor of 0.75.

Eurocode 2 and the Canadian codes use partial material factors.  Different factors are applied to the material 
strength in the calculation of the section capacity; the overall factor therefore depends on which material 
first reaches its limiting stress.  CSA S6:19 has reduction factors of 0.75 for concrete, 0.9 for reinforcement, 
and 0.95 for prestressing strands.  In Eurocode 2 material properties are divided by the applicable reduction 
factor, with values of 1.5 for concrete and 1.15 for reinforcement.

A recent paper in Concrete International (Expanding the use of material Φ factors (7)) suggests significant 
advantages to the use of “material factors” (partial factors) in ACI 318, which would also apply to the 
Australian codes.

3. Concrete Capacity
All the codes have basic equations of similar form for the concrete shear capacity, for sections with no 
prestress or axial load:

Vuc = kvbvdv(f’c)1/n   (1)
The shear strength is related to the cube root of the compressive strength in Eurocode 2, and the 
square root in all the other codes included in this paper.  There are widely different approaches to 
defining the factor kv (or equivalent), and these result in significant differences in the design shear 
capacity from the different codes.
In the following comparisons between codes all partial reduction factors are omitted to provide a 
better comparison to the Australian codes and ACI 318.



3.1 Simplified procedures
The Australian and Canadian codes have “general procedures” including consideration of the strain in the 
concrete under combined shear, bending and axial loads.  The alternative procedures in these codes, and 
those in the Eurocode and ACI codes are considered “simplified procedures”.

The Australian and Canadian codes follow the same simplified procedure, but with significant differences in 
the coefficients. The simplified procedures are applicable to sections that are not prestressed and have no 
axial tension or torsion.  The effect of applied axial compression is not considered in the simplified approach.

CSA S6.19 defines the concrete shear capacity as:

Vc = 2.5βfcr bv dv   (2)

For standard concrete, fcr (concrete cracking stress) = 0.4(f’c)0.5, so 2.5fcr = (f’c)0.5 and β is equivalent to kv.

The main provisions of the simplified approaches are:

 For sections with at least minimum shear reinforcement kv = 0.15 in the Australian codes and β  =  
0.18 in CSA S6.19.

 For sections with less than minimum shear reinforcement the Australian codes have the same 
equation (3), but with a maximum value of 0.15 in AS 3600 and 0.10 in AS 5100.5.

 CSA S6.19 equation (4) defines β for sections with less than minimum shear reinforcement, with no 
maximum value.

AS 3600 and AS 5100.5:  kv = 200 / (1000 + 1.3dv)   (3)

CSA S6.19:   β  = 230 / (1000 + dv)   (4)

Eurocode 2 has a single equation applicable to all members not requiring design shear reinforcement:

VRd,c = [CRd,ck(100 ρi fck) 1/3 + k1 σcp] bwd   (5)

Where CRd,ck = 0.18(1 + (200/d)0.5) (with partial factor omitted), ρi = proportion tensile reinforcement, d = 
tensile reinforcement depth (rather than effective shear depth).  σcp is the stress due to prestress and axial 
loads and is taken as zero in the comparison below.

ACI 318 has three alternatives for concrete shear capacity, shown below with the provision for axial load 
and a factor for lightweight concrete omitted, and with customary US units:

For sections with less than minimum shear reinforcement:

Vc = [8 λs ρw
1/3 f’c0.5] bwd , where λs = (2 / (1 + (d/10)))0.5 <= 1   (6)

For sections with at least minimum shear reinforcement, either:

Vc = [8 ρw
1/3 f’c0.5] bwd   (7)

Or

Vc = [2 f’c0.5] bwd   (8)

The ULS design shear stress, calculated to the provisions described above, is shown in Figure 1 for tensile 
reinforcement ratios of 0.005, 0.01 and 0.02.

3.2 General procedures
The general procedures in the Australian and Canadian codes relate the shear stress factor, kv or β, and 
the angle of the concrete compression strut, θv, to the longitudinal strain in the concrete at the mid-depth of 
the section, εx, which may be calculated from first principles, or using essentially the same equations from 
all 3 codes, presented in AS 3600 as:
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(a) Flexural reinforcement ratio – 0.005
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(b) Flexural reinforcement ratio – 0.01
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(c) Flexural reinforcement ratio – 0.02
Figure 1.  ULS shear stress to simplified procedures.



(9a)

Where εx is calculated as less than zero (i.e. compression) it may either be taken as zero or calculated as:

(9b)

Differences between the three codes are:

 AS 3600 shows M*/dv and V* as absolute values, but AS 5100.5 shows the sum of the two values 
as absolute, however this is academic since all three codes note that M* and V* are absolute values.

 AS 3600 has a load factor γp applied to the vertical prestress component (Pv), which is 1.15 when 
Pv increases the shear force, or 0.85 when the shear force is reduced.  AS 5100.5 and CSA S6.19 
have no load factor applied to Pv in these equations.

 AS 3600 allows N* for rigid frames to be taken as twice the compressive thrust calculated by elastic 
analysis.  AS 5100.5 and CSA S6.19 also allow this provision to be applied to rectangular culverts.

 All three codes define fpo as the stress in the prestressed reinforcement when the strain in the 
surrounding concrete is zero, but AS 3600 has a default value of 0.5fpb, whereas AS 5100.5 and 
CSA S6.19 specify 0.7fpb.
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Figure 2.  ULS shear stress to AS and CSA code general procedures

Having found the mid-height strain, AS 3600 and AS 5100.5 have the same provisions for finding the shear 
stress factor, kv.  For sections where the shear reinforcement is at least equal to the minimum required:

kv = 0.4 / (1 + 1500 εx) (10a)

For sections with less than minimum shear reinforcement, with maximum aggregate size dg mm:

kv = (0.4 / (1 + 1500 εx))(1300/(1000 + kdgdv)) where kdg = 32/(16 + dg) >= 0.8 (10b)

The provisions in CSA S6.19 are essentially the same, except that the adjustment for sections with less 
than minimum reinforcement is explicitly based on a crack spacing parameter, sze:



 (10c)

sze is 35sz /(15 + ag) where ag is the aggregate size and sz = dv (with alternative provisions based on the 
spacing of distributed longitudinal reinforcement layers). 

The ULS design shear stress, calculated to the Australian codes general procedure, is shown in Figure 2 
for εx values of 0.0015, 0.001 and 0.0005, together with the CSA S6.19 results for 0.0005 strain, and AS 
3600 simplified procedure for sections with less than minimum reinforcement.  The design shear stress from 
CSA S6.19 is the same as the Australian values for sections with at least minimum shear reinforcement, 
and 1.5% to 5% lower for sections with less than minimum shear reinforcement.

Comparing the Australian code results:

 AS 3600 and AS 5100.5 results are the same in all cases for equal strain.
 AS 3600 simplified results are approximately equivalent to a strain of 0.0012 for shallow sections, 

to 0.001 for a dv of 1000 or greater.  The simplified procedure may therefore be unconservative for 
lightly reinforced sections with a high bending moment.

 For sections with a strain of 0.0005 or less the simplified procedure is very conservative.

3.3 Prestress and axial load effects
The general provisions for calculating the mid-height strain in the Australian codes and AS S6.19 include 
allowance for prestress and axial loads and provide the required adjustment to the shear capacity of the 
concrete section.  In Eurocode 2 the shear strength of the concrete is only included for sections not requiring 
shear reinforcement.  In this case the formula for concrete shear strength includes an allowance for the 
compressive stress at the centroid of the section, based on the combined force due to axial loads and 
prestressing.  ACI 318 has separate provisions for the effect of axial load and prestress.  The standard 
equations for the shear strength of non-prestressed sections include a factor for the effect of axial load.  For 
prestressed sections there is an approximate method or a more detailed analysis taking account of web-
shear cracking and flexure shear cracking.

4. Reinforcement capacity
The basic form of the equation for the contribution of transverse reinforcement to shear strength is the same 
for all the codes included in this paper.  In AS 3600, for perpendicular reinforcement, it is written as:

(11)  

The angle θv is the assumed angle of concrete compression struts to the longitudinal axis of the member.  
This is defined as 36 degrees to the simplified procedure in the Australian codes, or 35 degrees to CSA 
S6.19.  All three codes have the same requirement in the general procedure, defining θv as 29 + 7000 εx, 
and allow the value of εx to be increased from the calculated value, up to a maximum of 0.003, equivalent 
to a strut angle of 50 degrees.

Eurocode 2 states that cot θv must be between 1 and 2.5, equivalent to an angle between 45 and 21.8 
degrees.  It has no specified requirements within that range, other than the upper limit on concrete 
compression.

ACI 318 does not define a strut angle for reinforcement shear capacity, but implicitly uses a fixed cot θv 
value of 1.0, equivalent to 45 degrees.

4.1 Longitudinal tension forces due to shear
The strut and tie model for shear generates longitudinal forces in the tension reinforcement, butl the codes 
included in this paper have significant differences in how these forces are calculated, and when this force 
should be included in the reinforcement design.

In the simplest case, with no torsion, AS 5100.5 defines the longitudinal force as:



(12)

The original version of AS 3600(2018) used the same equation, but this was changed in Amendment 2 to:

(13)

CSA S6.19 has an equation that is effectively the same as AS 5100.5, but in addition limits Vs (equivalent 
to AS 5100.5 ΦVus) to be no greater than Vf  (AS 5100.5 V*).

Eurocode 2 has a similar equation to AS 3600, with no contribution from the concrete shear capacity:

 cot α = 0 for vertical shear reinforcement. (14)

ACI 318 has no provisions for additional longitudinal reinforcement due to shear.

The effect of the different code provisions is shown in Figure3, plotting the moment capacity of a rectangular 
section with increasing areas of shear reinforcement with the following code provisions:

1. AS 3600 with minimum compression strut angle.
2. AS 3600 with compression strut angle adjusted to just meet shear capacity requirement.
3. AS 5100.5 with minimum compression strut angle.
4. AS 5100.5 with compression strut angle adjusted to just meet shear capacity requirement.
5. CSA S6.19 with limited Vs.
6. Eurocode 2 with compression strut angle adjusted to just meet shear capacity requirement.

The moment capacity is shown for a 300 mm x 600 mm deep rectangular section with 50 MPa concrete, 2 
N24 bars top reinforcement, 5 N24 bars bottom reinforcement, and ligatures at 200 spacing, with diameter 
between 10 and 20 mm.  The section was analysed for applied ULS loads of 400 kNm bending moment 
and 275 kN shear force with no axial load or torsion.  For comparison purposes the initial bending capacity 
was calculated according to AS 3600, then adjusted to allow for the additional longitudinal load due to shear 
using the different code provisions.
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Figure 3.  Bending capacity adjusted for longitudinal force due to shear



This analysis illustrates that:

 The current AS 3600 provisions are conservative when applied using the minimum mid-height 
strain, since increasing the shear reinforcement has no effect on the moment capacity.

 When the mid-height strain is adjusted the AS 3600 results are very close to those from AS 5100.5, 
up until the strain reaches the maximum value of 0.003.  Increasing the shear steel area after that 
point has no effect on the AS 3600 moment capacity.  The AS 5100.5 results continue to increase, 
but more slowly when the mid-height strain has been increased.

 The CSA S6.19 results are similar to AS 5100.5 for low shear steel areas, but reach a peak value 
when the shear strength is equal to the applied shear force.  In this case the maximum bending 
moment was less than that from AS 3600 with strain adjustment.

 The Eurocode 2 results were slightly higher than the other codes for low shear steel areas, and 
almost exactly equal to the AS 3600 results with strain adjustment for the maximum strain results.

The AS 5100.5 results with shear steel diameters of 16 and 20 mm assume a total force in the shear 
reinforcement that is greater than the applied shear force.  This is clearly unconservative and it is 
recommended that the more conservative procedures of AS 3600 or CSA S6.19 be adopted in this case.

4.2 Application of longitudinal tension forces due to shear
Having calculated the additional tension force due to shear, there are significant differences in how the 
required reinforcement area is adjusted to allow for this force.  AS 3600, CSA S6.19, and Eurocode 2 require 
the additional force to be added to the forces from all other loads.  In AS 3600 this total force is divided by 
the capacity reduction factor for bending and axial load, whereas CSA S6.19 and Eurocode 2, using the 
partial factor approach, divide the reinforcement yield strength by the applicable factor. In AS 5100.5 an 
additional steel area is required to resist the additional force divided by the reduction factor for shear.  In 
most cases where reinforcement tension is critical to the section design the AS 5100.5 approach will be 
more conservative than AS 3600.

Figure 4.  Required extent of tensile reinforcement from AS 5100.5



AS 3600 and Eurocode 2 explicitly state that the total longitudinal tensile force due to bending and shear at 
any section should not exceed the force at the section with maximum moment (Eurocode 2), or the section 
with the maximum tension force demand for flexure, axial force and torsion (AS 3600).  In AS 5100.5, a 
similar requirement is limited to “regions adjacent to maximum moment locations”.  

AS 3600, AS 5100.5 and CSA S6.19 allow a simplified approach to the application of longitudinal forces 
due to shear under specified conditions, requiring that the tensile reinforcement be extended by a distance 
dv cotθv.  In the Australian codes this requirement is defined in a graph showing the required extent of 
flexural reinforcement (Figure 8.2.9.1 in AS 5100.5 and Figure 8.2.8 in AS 3600), shown as Figure 4 .  The 
simplified approach may be applied for members that are “not designed for axial tension or torsion” (AS 
3600) or “not subjected to significant direct tension or torsion” (AS 5100.5 and CSA S6.19).  AS 3600 has a 
further requirement that “there are no sudden changes in the calculated tension force”. 

Eurocode 2 has a similar graph to the Australian codes as an alternative to designing for the additional force 
due to shear, but the required additional length is reduced to the section effective depth for sections without 
shear reinforcement, or z cotθ/2 for sections with shear reinforcement, where z is the section lever arm.  
There are no stated restrictions on the application of this method.

ACI 318 has no requirements for calculation of additional longitudinal forces due to shear, but requires that 
all tension reinforcement be extended by the effective depth beyond the point where it is required resist 
flexure, and that tension reinforcement must not be terminated in a tension zone unless additional conditions 
are satisfied.

5 Design for combined shear and torsion
The processes for the analysis of torsion are the same in the two Australian codes, but there are significant 
differences in requirements for when torsion should be considered, and in the combination of torsion effects 
with shear, bending and axial loads:

 AS 3600 does not require torsion to be considered if torsional strength is not required for equilibrium.  
In that case AS 5100.5 requires the structure to be designed for the results of an analysis with 
tortional stiffness reduced to 20% of the uncracked value.

 AS 5100.5 requires shear and torsion to be combined into an equivalent shear force, Veq.  AS 3600 
does not have this requirement.

 In AS 3600 the requirements for shear and torsion reinforcement are calculated separately and are 
additive.  AS 5100.5 has the same requirement, but also states that the shear reinforcement is 
found for the combined equivalent shear force.

 AS 3600 treats the vertical component of prestress as an external force, whereas AS 5100.5 adds 
this force to the shear capacity.

 Other than the treatment of vertical prestress forces, the two codes have the same provisions for 
the maximum ultimate shear strength of a section limited by web crushing.  In AS 3600 this is 
described as the combined shear and torsional strength at a cross section, and formulae are given 
for the combination of applied shear and torsion.  In AS 5100.5 the strength is described as the 
ultimate shear strength.  Calculation of the combined effect of shear and torsion for web crushing 
is given in a separate section (Cl. 8.2.4.5)

 The AS 3600 equations for combined shear and torsion specified in the section on maximum shear 
strength are the same as the AS 5100.5 equations in Cl 8.2.4.5, except that the vertical prestress 
force is factored by a load factor in AS 3600 and not in AS 5100.5.

 In AS 3600 the longitudinal force due to shear and torsion is calculated separately for the two 
effects, and is additive. In AS 5100.5 the longitudinal force is calculated as the combined effect of 
shear and torsion as perpendicular forces.

The CSA S6.19 provisions for combined shear and torsion are similar to those in AS 3600, except that the 
longitudinal tensile force is calculated as in A 5100.5.

Eurocode 2 treats shear and torsion separately and requires both transverse and longitudinal reinforcement 
to be additive.  Shear and torsion limited by concrete crushing are also calculated separately, with the 
requirement that Shear force/Shear capacity + Torsion/Torsion capacity <= 1.

ACI 318 has detailed provisions for calculation of torsional capacity, based on a strut angle between 30 and 
60 degrees.  Both transverse and longitudinal reinforcement are required to be added to requirements for 



shear and bending.  Requirements for limits based on concrete stress under combined shear and torsion 
are of the same form as AS 3600, but with a higher concrete stress limit.

6 Conclusions
The basic procedures for calculation of shear and torsion strength are the same in AS 3600 and AS 5100.5, 
and these procedures are consistent with modern research and with CSA S6.19.  However, there are 
significant differences in detailed procedures and in the combination of shear and torsion effects, which may 
result in different outcomes in practical design.  The most significant differences between the two codes are:

 AS 5100.5 requires design shear and torsion to be combined to find an effective shear force, but 
also has many provisions that require the shear and torsion to be considered separately.  AS 3600 
has no requirements for an effective shear stress.

 The upper limit for shear stress to the simplified method, for sections without shear reinforcement, 
is 50% higher in AS 3600 than in AS 5100.5. 

 The AS 5100.5 procedure for calculation of the longitudinal tension force due to shear can be 
unconservative for sections with a high shear reinforcement ratio.  The AS 3600 procedure avoids 
this problem, without being excessively conservative if adjustment of the longitudinal strain is 
considered.

 AS 3600 in effect requires the longitudinal force due to shear to be divided by the reduction factor 
for bending (or combined bending and axial load), whereas AS 5100.5 uses the reduction factor for 
shear.  In most cases the AS 5100.5 will be more conservative.

 The limitation on the combined longitudinal force to be no more than the force at the section with 
maximum moment is limited in AS 5100.5 to regions adjacent to maximum moment locations.  It is 
not clear how this limitation should be applied, and it is not a requirement in AS 3600, or the other 
codes.

 Both Australian codes, and also CSA S6.19,  have the same simplified procedure allowing additional 
extension of tension reinforcement limits in place of designing for an additional force, but AS 3600 
has an additional requirement that there should be no sudden changes in the calculated tension 
force.  

 Where torsional strength is not required for equilibrium AS 3600 allows torsion to be disregarded, 
whereas AS 5100.5 requires a revised analysis with reduced torsional stiffness.

 AS 5100.5 has inconsistent requirements for reinforcement for combined shear and torsion.  AS 
3600 requires areas for shear and torsion to be added.

 The two codes have different requirements for the vertical component of prestress.

A detailed review of both codes is recommended, to ensure that they are consistent and to remove 
provisions that may be unconservative or excessively conservative.
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