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Abstract:  The introduction of modified compression field theory (MCFT) in AS 3600 includes equations for 
determining the amount of longitudinal steel from combined action effects in both tension and compression 
sides at every section. While the previous version of this standard recognises the need to include additional 
steel over and above the amount determined for bending, the structural model using the truss theory to 
determine these forces is not sufficiently precise to enable a study of the required amount of reinforcement 
to cover the additional longitudinal forces caused by shear. This paper presents a parametric study to 
determine the amount of longitudinal steel required to resist the combined shear and bending, and to 
compare it with that required for bending only. Structural systems used in the study includes cantilevers, 
propped cantilevers and fixed end beams with a uniform distributed load, and a simply supported beam with 
a mid-span point load. They were designed to give the minimum amount of reinforcement, theoretically, to 
satisfy the ultimate limit states of section shear and force in the longitudinal steel in the flexural tensile side. 
Factors considered in the study include the neutral axis parameter and the ratio of V*/M*. The study shows 
that the section where the amount of steel required for the combined action effects over and above the 
amount required for bending is in a decreasing order at the head of the cantilever, followed by the fixed end 
beam, the propped cantilever, and lastly the simply supported beam with a point load at midspan. In addition, 
the change in the equation of the additional longitudinal tension force in AS3600 amendment 2 could be 
revised as failure will not occur before the shear reaches the design shear action.
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1. Introduction 
The design of concrete structures to AS 3600 (1,2) in Australia is more complicated in comparison with 
using the previous version owing to the use of Modified Compression Field Theory for shear design. The 
ultimate shear capacity depends on several action effects including shear and bending. In addition, the area 
of longitudinal steel has to be checked for adequacy against yielding induced by the combined action effects. 
In this paper, several common structural systems were analysed to determine the amount of longitudinal 
steel from the consideration of combined action effects, and compare it with the amount required to satisfy 
the limit state design for pure flexure.

In addition, the change in the equation for the additional longitudinal steel caused by shear to use V* - Vuc 
in place of Vus, which basically limits it to be not more than the amount required to just satisfy the limit state 
for section shear, has been found to be unnecessary. Despite concerns that the previous equation 8.2.7.1 
in AS3600-2018 might be misinterpreted, that is, ligatures could be added to increase Vus and reduce the 
amount of additional longitudinal steel reinforcement, the amount determined using this previous equation 
is still suitable for shear adequacy as the failure mechanism will not occur before the design shear force is 
reached. The changed equation in the Amendment 2 is not suitable for shear load rating for bridge 
assessment.

2. Effect of shear on longitudinal shear reinforcement

2.1 Background
The first version of AS 3600 (3) published in 1988 recognised the presence of additional longitudinal forces 
induced from shear. Walsh (4) provided a comprehensive description of these forces based on truss analogy 
for shear. From the consideration of equilibrium, he derived the additional longitudinal tension force of V cot 
v assuming the shear force V was distributed equally to both the top and bottom stringers of the assumed 
truss. As more refined analysis showed that the induced force decreases at the ends of shear zones, the 



amount of flexural reinforcement for maximum moment did not have to be increased. Thus, the effect was 
included by merely extending the required reinforcement for flexure beyond the section considered. Rahal 
and Collins (5) stated that the effects of section shear were accounted for traditionally by extending the 
longitudinal steel by a distance equal to the depth of the beam beyond the point where it was no longer 
required to resist bending which shows that the American standards approach to this in previous standards 
is the same as the Australian standards.

2.2 Analysis
A computer program was written in Python to carry out the analysis of reinforced concrete beams with 
rectangular cross-sections. First, key section dimensions and properties of material are set in the program. 
Material properties prescribed are yield strength of longitudinal reinforcement, fsy, yield strength of fitments, 
fsy.f, elastic modulus of steel, Es and characteristic compressive strength of concrete, f’c. Section dimensions 
are width, bw, and total section depth, H. These notations are the same as those used in AS 3600. In addition, 
the effective depth d of the reinforcement and a neutral axis parameter of the section, ku, are also set. All 
sections are assumed singly reinforced, with ku less than or equal to 0.36.

Next, a typical span for the structure is specified. The typical L/d ratios assumed are 7 for the cantilever, 20 
for the simply supported beam, and 26 for the propped cantilever and the fixed end beam. These values 
are the basic ratios of span to effective depth specified in Table 3.9 of BS 8110-1: 1997 (6) incorporating 
Amendment No.1. In this standard, the ratio used is obtained by applying a multiplier determined from the 
tensile reinforcement provided. For our study, we used the basic ratio without this adjustment. The number 
of sections was set to enable actions effects to be determined at 0.1 m intervals.

The design action on the structure, w*, was determined using basic statics assuming that the section with 
the maximum bending moment  caused by this design action would equal the reduced moment ᵄ� ∗

ᵅ�ᵄ�ᵆ�
capacity ϕMu for the selected ku. The ultimate moment capacity Mu is determined in accordance with AS 
3600.

For each section, the moment M* and shear V* can be calculated from the load w*. Next, the area of steel 
required for bending, Ast.req is determined, together with the corresponding internal moment lever arm, z, 
and ku which can be determined for optimal design of the section with ϕfMu = M*. The Ast.req is checked 
against Ast.min determined using Eqn 8.1.6.1(2) of AS 3600 (1). If the calculated Ast is less than Ast.min, Ast.prov 
= Ast.min, otherwise Ast.prov = Ast.req.

Next the longitudinal strain x is determined using Ast.guess = Ast.prov. Then, v and kv are determined using 
equations in the standard. Vuc is then calculated. Vus is set to be Vu – Vuc = V*/ ϕf -Vuc. Next Ftd is determined 
using Equation 8.2.7.1(2) of AS 3600 (1) for shear without torsion, followed by Ttd using Equation 8.2.8.2(1). 
Next the total area of longitudinal steel to resist combined action effects Ast.comb = Ttd / (ϕf × fsy). An additional 
term “comb” is added to the subscript to indicate that this area is determined from the combined action 
effects, not from bending only. If Ast.comb is less than Ast.guess, then Ast.prov is assumed adequate. This can 
occur where the steel provided is Ast.min.

If Ast.comb > Ast.guess, iteration is carried out by increasing Ast.guess by a small increment of 0.5 mm2 and is then 
used to determine an updated Ast.comb. This is repeated until the ratio of Ast.comb / Ast.guess < 1.005, i.e., the 
ratio falls to just below 1.005. The area of steel is assumed to have numerically converged.

For those sections where the iteration is required, the Ast.comb and Asv / s obtained are for the sections with 
M* and V* that have satisfied ϕvVu = V*, and the total longitudinal reinforcement provided in the tension side 
is just sufficient (in accordance with provisions of AS 3600) to resist M* and V* before the onset of yielding 
from the force induced from these action effects.

2.3 Results
Effects of different structural systems
Below are the dimensions and material properties used in the analysis.

f’c  =  32 MPa, fsy = fsy.f = 500 MPa



Es  =  200 GPa
bw  =  bv = 300.0 mm
d   =  500.0 mm,  D = 600.0 mm
ϕv  =  0.75  (from Table 2.2.2(e), AS 3600)
ku  =  0.36

The results from the analysis of the structural systems described earlier are summarized in Tables 1 and 2 
for four selected structural beam systems. 

To study the increase in the total reinforcement required for combined action effects in the tension side of 
the section, the load required for each system was determined to give the design moment consistent with 
ku = 0.36 at the section with the largest absolute moment. These values are shown in Table 1. The required 
shear reinforcement, represented by Asv / s, and the total reinforcement Ast.comb in the tension side of the 
sections for the combined action effects for each system are given in Table 2. As expected, the ratio Ast.comb 
/ Ast increases with V* / M*, and the required amount of Asv / s increases with the increasing shear. The 
increase in the amount of tension reinforcement is 22% greater than that required for bending in the 
cantilever, and is 7% in the simply-supported beam as presented in Table 2. This increase can be quite 
large at other sections on these structural systems where the ratio of V* / M* is large. 

Effects of concrete strength
The effect of concrete strength on the increase in tension reinforcement was investigated by analysing the 
cantilever system using three different concrete strengths. The results are presented in Table 3. The 
notation xsect is the location of the section from the left support. Based on the loading and the systems 
investigated, the ratio of the tension reinforcement required for the combined action effects to that required 
for bending only is not influenced by the concrete strength.

Effects of ku

The effect of ku on the increase in tension reinforcement was investigated by analysing the cantilever system 
with a varying range of ku values, and f’c = 32 MPa. The results are presented in Table 4. The ratio of the 
tension reinforcement required for the combined action effects to that required for bending decreases with 
increasing ku.

Table 1: Calculated loads for structural systems

Structural system Span
(m)

UDL
(kN/m)

P
(kN)

Cantilever 3. 5 71.87 -
Propped cantilever 13.0 20.80 -

Fixed end beam 13.0 31.26 -

Simply supported beam 10.0 - 176.09

Table 2: Results from the analysis

Structural
system

xsect V*
(kN)

M*
(kNm)

|V*| / |M*| 
(m-1)

Asv/s
(mm)

Ast

(mm2)
Ast.comb

(mm2)
Ast.comb /

Ast

Cantilever 0.0 251.56 -440.22 0.57 0.70 2467 3017 1.22
Fixed end beam 0.0 203.16 -440.22 0.46 0.48 2467 2942 1.19

Propped cantilever 0.0 169.32 -440.22 0.38 0.33 2467 2890 1.18

Simply supported beam 5.0- 88.04 440.22 0.20 0.00* 2467 2650 1.07
 *Asv/s less than the minimum Asv/s of 0.272
Superscript “-“ denotes the value to the left of the section

Table 3: Results for different concrete strength at xsect = 0 (ku = 0.36)



Structural
system

f’c Udl
(kN/m)

V*
(kN)

M*
(kNm)

|V*| / |M*|
(m-1)

Asv/s
(mm)

Ast

(mm2)
Ast.comb

(mm2)
Ast.comb /

Ast

Cantilever 32 71.87 251.56 -440.22 0.57 0.70 2467 3017 1.22

Cantilever 40 86.88 304.08 -532.14 0.57 0.88 2969 3619 1.22

Cantilever 50 104.03 364.10 -637.17 0.57 1.10 3536 4299 1.22

Table 4: Results for different ku for the cantilever with f’c = 32 MPa

ku Udl
(kN/m)

V*
(kN)

M*
(kNm)

Asv / s
(mm)

Ast

(mm2)
Ast.comb

(mm2)
Ast.comb /

Ast

0.20 43.31 151.60 -265.30 0.28 1370 1753 1.28

0.24 50.96 178.37 -312.14 0.39 1645 2070 1.26

0.28 58.27 203.95 -356.91 0.50 1919 2387 1.24

0.32 65.24 228.34 -399.60 0.60 2193 2703 1.23

0.36 71.87 251.56 -440.22 0.70 2467 3017 1.22

3. The change in Equation in Amendment 2 of AS 3600-2017  
The most recent amendment (2) to Clause 8.2.7 uses V* – Vuc in place of the Vus in the previous clause 
of AS 3600 (1). This amendment uses an equation which is different from those used in AASHTO LFRD 
Bridge Design Specifications (7) and the Canadian Highway Bridge Design Code (8). Owing to this change 
which has resulted in the equation being different from similar equations used in these international 
standards, the appropriateness of the change is discussed in this section.

The development of AS 5100.5 and AS 3600 in the past has been such that they ended up using similar 
equations for design to resist action effects. They may be out of sync at times, but when one incorporates 
changes, the other tends to adopt the changes subsequently upon investigating the changes made. This is 
particularly concerning as the changed equation is not suitable for use with load rating in AS 5100.7 (9) if it 
is adopted for use in AS 5100.5 (10). AS 5100.7 uses the equations in AS 5100.5 for load rating of shear. 
For shear deficient bridges, it is not appropriate to assume that the amount of ligatures provided is sufficient 
to give reduced shear capacity Vu equal to V* when V* is calculated from the rating vehicle. In this case, 
the amended equation will not reflect that the existing shear reinforcement has Vus less than V* - Vuc, and 
the additional longitudinal tensile force will be unconservative. In addition, the load rating to account for the 
failure in the longitudinal steel (11) will not be accurate. 

The influence of shear on the tensile force in the longitudinal steel can be determined using the free body 
diagram (7) of a reinforced concrete beam with the acting and resisting forces replaced by those used in 
AS 3600 (1), as shown in Figure 1. The available resisting forces include Vus from the yielding of the shear 
reinforcement, and pPv from the yielding of the prestressed reinforcement. The contribution from concrete 
Vuc is assumed to be small and is ignored (12). Equation 1, which is the same as Equation 8.2.7.1 in 
AS3600 with amendment 1 (2), presents the tensile force Ftd caused by shear (without torsion in this case).

           (1)∆ᵃ�ᵆ�ᵅ� = ᵅ�ᵅ�ᵆ� ᵰ�ᵆ� (ᵄ� ∗ ‒ 0.5∅ᵄ�ᵆ�ᵆ� ‒  ᵯ�ᵅ�ᵄ�ᵆ�)

For the adequacy of section shear, the design requires Vu ≥ V*, in which Vu = Vuc + Vus, thus, Asv.prov is 
greater than or equal to Asv.req. The shear reinforcement provided is not expected to yield before the acting 
shear V reaches the design shear V*.



Figure 1: Free body diagram (7)

Similarly, the longitudinal steel determined from Ftd using Equation 1 is based on the available resistance 
from the yielding of the provided shear reinforcement and the design shear V*. It is also not expected to fail 
with the failure mode depicted in the free body diagram before V equal to V*.

While limiting the term Vus to V* - Vuc for the calculation of additional longitudinal reinforcement as 
stipulated in Clause 8.2.7 of amendment 2 of AS 3600 is safe, it is not necessary for structural adequacy. 
More importantly, its use unnecessarily removes the flexibility in setting the proportion of the amount of 
shear reinforcement to additional longitudinal steel for cost optimisation and to ease congestion of 
longitudinal reinforcement.

This paper recommends that AS 5100.5 not to follow this change in AS 3600 as it is not suitable for load 
rating. However, the missing requirement described in Section 4 to limit the value of Vus to be not greater 
V* should be included. Furthermore, it is also suggested that Clause 8.2.7 of AS 3600 Amendment 2 be 
revised back to explicitly include the Vus term in the equation of the additional tensile force.

In summary, if we provide Vus > V* - Vuc and the amount of the additional longitudinal steel is determined 
using the tensile force as presented in Equation 1, we do not expect failure to occur before V equal to V*.  
Therefore, the revised equation given in Amendment 2 is unnecessary. While the use of the revised equation 
is safe, restricting the additional tensile force to be in terms of the design shear and the concrete shear 
capacity may result in the provision of an excessive amount of additional longitudinal reinforcement in 
comparison with the amount determined using the previous equation.

4. Effect of Vus in the equation for the area of longitudinal steel  
A missing restriction in Clause 8.2.7 of AS 5100.5 and AS 3600 (1,10) applied to the term equivalent to Vus 
found in equations similar to Equation 1 in other major standards (7,8) should be included (1,10). That is, 
Vus shall not be taken as greater than V*. This is likely to prevent the excessive increase beyond that 
required for adequacy of section shear in the amount of ligature provided.  

To investigate the effect of increasing the amount of ligature from marginally adequate for section shear, 
i.e, Vus = V* - Vuc, to the upper limit of this restriction, i.e. Vus = V*, the critical section of the cantilever is 
used in a numerical study.  The results is presented in Table 5. The increase in Asv / s is 58% and the 
corresponding decrease in Ast.comb  is 5%.  

Table 5: Results for different conditions for the cantilever with f’c = 32 MPa and ku=0.36

Condition Udl
(kN/m)

V*
(kN)

M*
(kNm)

Ast

(mm2)
Asv /s
(mm)

Vu /
V*

Ast.comb

(mm2)
Ast.comb /

Ast

 Vus = V* - Vuc, 71.87 251.56 -440.22 2467 0.698 1.00 3017 1.22

Vus = V* 71.87 251.56 -440.22 2467 1.105 1.35 2866 1.16



5. Concluding Remarks
 The analysis carried out shows that the ratio of tension reinforcement required for combined action to 

that required for bending, Ast.comb / Ast can be large. For example, for the cantilever with ku = 0.20 and f’c 
= 32 MPa, this ratio can be as large as 1.28.

 The equation for the additional longitudinal force in Clause 8.2.7 in Amendment 2 limiting the term Vus 
to V* - Vuc is not necessary, as the amount of longitudinal steel determined using the old version is 
adequate to resist V*.

 Based on this work, Clause 8.2.7 in AS3600 could be revised, therefore it is not necessary to be included 
in AS 5100.5. A missing restriction found in other major standards should be included in this clause of 
AS 5100.5. That is, Vus shall not be taken as greater than V*.

 Using the previous Clause 8.2.7 of AS 3600 and with Vus limiting to V* gave a ratio of Ast.comb / Ast of 
1.16 for the cantilever with f’c = 32 MPa and ku = 0.36. This give a 5% reduction in the additional 
longitudinal steel compared with the use of the lower limit of Vus (= V* - Vuc) required for section shear 
adequacy.

 The change in Clause 8.2.7 of Amendment 2 AS 3600 to use V* - Vuc instead of Vus could be revisited 
based on this study. The changed equation is not suitable for load rating of shear in structures 
particularly with loading resulting in shear deficiency, and therefore it need not be included in AS 5100.5. 

6. References

1. Standards Australia, AS 3600 Concrete Structures (with amendment 1), 2018, Sydney, Australia.
2. Standards Australia, AS 3600:2018 Amendment 2, 2021, Sydney, Australia, 
3. Standard Association of Australia, AS 3600 Concrete Structures, Sydney, 1988.
4. Walsh, P., Use of Australian Standards for Concrete Structures, Inkata Press, 1988, Melbourne 

and Sydney.
5. Rahal K N, and Collins, M. P., “Background to the general method of shear design in the 1994 

CSA-A23.3 standard”, Canadian Journal of Civil Engineering, 26, 1997, p. 827-839 
6. British Standards Institution, BS 8100-1, Structural use of concrete -Part 1: Code of practice for 

design and construction, 1997
7. AASHTO LFRD Bridge Design Specifications, 9th Edition, American Association of Bridge Highway 

and Transportation Officials, 2017, Washington, DC, USA. 
8. CSA-S6-19 Canadian Highway Bridge Design Code, Canadian Standards Association, 

Mississauga, 2019, Ontario, Canada. 
9. Standards Australia, AS 5100.7 Bridge Design Part 7: Bridge Assessment (with 2018 

amendments), 2017, Sydney, Australia.
10. Standards Australia, AS 5100.5 Bridge Design Part 5: Concrete (with 2018 amendments), 2017, 

Sydney, Australia.
11. Wong, K. W and Vimonsatit, V.  Determination of shear capacity for load rating of concrete 

bridges to AS 5100.7-2017, Infrastructures, MDPI, 2022
12. Collins, M.P., Mitchell, D., Adebar, P., and Vecchio, F. J., A Gebrak Shear Design Method, ACI 

Structural Journal, Title no. 93-S5, January – February 1996.


