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Abstract

Punching shear is a structural behaviour encountered in the analysis and design of reinforced
concrete flat slabs. It is caused by the concentration of a load, referred to as a shear force,
over a small area. There are differences in the code provisions between the American (ACI
318-2014), European (EN 1992-1-1-2004+A1-2014) and Australian (AS 3600-2018) concrete
design codes for the assessment of punching shear.

The aims of this project are to investigate and compare these differences and to rate the cost
effectiveness of the three codes for punching shear design. Although various experiments and
papers have undertaken to compare the punching shear provisions between codes, there is a
research gap for research that considers and rates the cost effectiveness between the codes.
Furthermore, when the provisions of codes are compared in experiments, ACI 318 and EN
1992 are often considered, however AS 3600 is seldom included in these experiments. The
project aims were achieved through a literature review and a hand calculation comparison
between the provisions of the three codes on three typical column locations on a proposed
typical residential building floor slab. Utilisation ratios (applied shear/shear capacity) were
determined for each of the locations and used as the basis of the findings. A software analysis,
using Tekla Structural Designer (TSD), was used to validate and correlate the results from the
hand calculation analysis.

The findings of the research are that the punching shear code provisons of ACI 318 and AS
3600 are similar in their approches, however the provisions of EN 1992 differ significantly to
the those of the other two codes. EN 1992 was determined to be the most conservative code
for punching shear design, with AS 3600 and ACI 318 being second and third respectively.
One reason identified for the conservatism noted in EN 1992 is the ultimate limit state (ULS)
dead load factor of 1.35 that is considered in the code, while 1.2 is considered in both ACI 318
and AS 3600. These findings indicate that designers who are familiar with the provisions of
ACIl 318 and AS 3600 should be aware that higher punching shear utilisation ratios will be
observed when designing building structures in jurisdictions covered by the Eurocode.
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Chapter 1: Introduction

1.1 Introduction

Punching shear is a structural behaviour encountered in the design of reinforced concrete flat
slabs. It is caused by the concentration of a load, or shear force, over a small area.

Figure 1: Image depicting punching shear failure (Mirzael and Muttoni, 2008)

Punching shear in flat slabs is assessed based on the provisions of the international design
code being considered for the structural design. However, these code provisions differ
between the various international design codes.

This project aims to identify and clarify the differences between three design codes, namely
the American code (ACI 318-2014), the British National Annex of the European code (EN
1992-1-1-2004+A1-2014) and the Australian code (AS 3600-2018). The project also aims to
rate the cost effectiveness of the three codes for punching shear based on the utilisation ratios
(applied shear/shear capacity) derived from each of the codes.

This first chapter of the project report will introduce the research topic by providing the
background, statement of the research problem, the rationale and scope of the project.

1.2 Background

Punching shear is a brittle failure mode encountered in the design of reinforced concrete flat
slabs, where the slab fails in shear (or sliding) at a distance from the face of a column. Because
punching shear is a brittle failure mode, it is critical that structural designers understand and
design for punching shear safely.

McCormack and Brown (2014), state that punching shear is the critical factor in design for
concrete slabs supported directly on columns.



Figure 2: Floor collapse of Wolverhampton Parking due to punching shear failure
(Wood, 2003)

According to Lantsoght (2009), The methods currently used to describe punching shear
cannot adequately explain the mechanics of punching shear and therefore semi-experimental
formulas have been developed which lead to safe designs for commonly used structures.

Based on this approach, various building and design codes approach the analysis and design
of punching shear differently. One underlying method which is used by the various
international design codes is the shear strength method, where the shear stress on a critical
section at a certain distance from the face of the column is compared to a maximum shear
stress (Lantsoght,2009). This method was developed by Moe (1961) and is the basis for the
punching shear provisions of ACI 318, EN 1992 and AS 3600. The distance considered from
the face of the column for each of the design codes, was determined through statical analyses
(Lantsoght, 2009) and determined to be 2xd for EN 1992 and 0.5xd for ACI 318 and AS 3600,
where d is the effective depth of the slab.

An alternative method developed for the assessment of punching shear is the critical shear
crack theory method. This method describes the relationship between the punching shear
strength of a slab and its rotation at failure (Muttoni, 2008). The critical shear crack theory
method will form the basis of the punching shear sections of the new Eurocode design
standard, which has a planned publication date of 2026 (Concrete-Centre, 2020).

1.3 Statement of the problem

The provisions of the codes for punching shear have been compared through various
experiments and papers over the years. These comparisons include various papers
considering the effect of openings, concrete strength and thickness of slabs on the punching
shear strength of slabs. However, there appears to be a gap for research that considers which
code is more cost effective for punching shear design based on utilisation ratios (applied
shear/shear capacity) determined for each location. A reason for this gap, may be attributed
to the fact that the punching shear equations in each design code cannot be directly compared
to each other due to the different philosophies used in their derivations (Gardner, 2005).
Furthermore, when the provisions of codes are considered, ACI 318 and EN 1992 are often
compared to each other, however AS 3600 is often not included in these comparison studies.

Punching shear theory continues to be an evolving topic with the recent relevance of critical
shear crack theory versus the traditional shear strength method. Furthermore, the engineering
10



industry is becoming more inter-connected, where engineers can work on projects outside
their local geographies. This project aims to provide a comparison of punching shear analysis
provisions between three codes especially as ACI 318 and EN 1992 are used widely in regions
outside the USA and Europe.

1.4 Rationale

The aim of this project will be to compare the differences in approach for the assessment of
punching shear between three codes, namely ACI 318-2014, EN 1992-1-1 and AS 3600-2018.
The project also aims to rate the cost effectiveness of the three codes for punching shear
based on the utilisation ratios derived from each code.

Therefore, the research questions to be considered for the project are:
1. What are the differences in the approach to the assessment of punching shear
between ACI 318-2014, EN 1992-1-1 and AS 3600-20187?
2. Which design code, between ACI 318-2014, EN 1992-1-1 and AS 3600-2018, is more
cost effective in its approach to punching shear design?

The project aims will be achieved through the research objectives which are to:

1. To conduct a literature review on the punching shear provisions of ACI 318-2014, EN
1992-1-1 and AS 3600-2018

2. Undertake a hand calculation design comparison between the three codes on three
typical column locations on a typical residential floor. A utilisation ratio (applied
shear/shear capacity) will be determined for each typical location based on each code.

3. Model the typical residential floor slab in Tekla Structural Designer (TSD), a building
analysis and design software program that incorporates a Finite Element (FE) engine
with automated FE meshing tools (Tekla, 2023). The TSD model will be used to check
the three typical slab locations based on the provisions of the three codes and a
utilisation ratio determined from each one.

4. Compare the results of the hand calculation analysis to the TSD results.

1.5 Scope

The scope of the project is limited to lightly loaded reinforced concrete flat slabs with simple
geometry, for example slabs that would be specified for residential multi-storey buildings. The
project is limited to punching shear locations that are not provided with punching shear
reinforcement. Therefore, the requirements for the provision of punching shear reinforcement
as specified in the three codes will not be considered.

Furthermore, the basis of the study on EN 1992 will be limited to the British National Annex,
NA+A2-14 to BS EN 1992-1-1-2004. The national annexes of the other countries that EN 1992
covers will not be considered.

In addition, the provisions of the latest ACI 318-2019 will not be considered. The project will
be based on the widely used ACI 318-2014. ACI 318-2019 excludes the Direct Design method
in the provisions for two-way slabs (Moehle, 2019), however the Direct Design method was
used to determine the slab bending moments in the hand calculation analysis. It should be
noted that the Direct Design method is still permitted by ACI 318-2019 although it has been
excluded from the code.

11



1.6 Structure of the project
The remainder of the project report is included in Chapters 2 to 5 and structured as follows:
Chapter 2:

Provides a literature review highlighting the relevant background information related to the
punching shear code provisions. The chapter focuses on the code provisions of the three
codes being considered. The conclusion of the Chapter includes a summary table of the
punching shear code provisions between the three codes.

Chapter 2 will address the first research aim.

Chapter 3:

The detailed methodology for the project will be discussed in Chapter 3. This chapter will
include the hand calculation and the software analysis results.

Chapter 3 will address the second research aim, however the results thereof will be discussed
and presented in Chapter 4.

Chapter 4:

Chapter 4 continues on from Chapter 3 and presents the results derived from the methodology
chapter. Discussions on the results will be presented in this Chapter.

Chapter 5:

Chapter 5 will present the conclusions of the research project and the recommendations for
potential further work. This chapter will conclude the project report.

12



Chapter 2: Literature Review

2.1 Introduction

Chapter 2 will focus on a review of a selection of the existing literature on the code provisions
for the assessment of punching shear. In addition, this review will include a review of the
studies that have been carried out to compare punching shear provisions between design
codes.

The chapter will highlight the basis of the punching shear code provisions, the differences in
the approaches between the three codes and the factors that affect the punching shear
strength of slabs.

Through the literature review the research gap of a comparative study that includes AS 3600-
2018 and highlights which code is more conservative will be established. The sources for the
literature review are academic journals and industry websites, however the literature review is
based primarily on the three design codes on which the research project is based.

The literature review chapter is divided into six parts, namely:
The basis of the punching shear code provisions

The factors affecting punching shear resistance.

The code provisions of ACI 318

The code provisions of EN 1992

The code provisions of AS 3600

Summary

ogkrwnNE

2.2 Basis of the punching shear code provisions

This section aims to provide an overview of the basis of the punching shear code provisions
currently encoded in the three design codes under consideration.

2.2.1 Shear Stress Theory

According to Alexander and Simmonds (1986), the shear stress theory, which compares the
shear stress on a critical section with a maximum shear stress, is perhaps the simplest
approach to the mechanics of punching shear. This theory is favoured by most design codes
including the three codes being considered for this research project.

Moe (1961) conducted tests on numerous slabs and reported inclined cracking at 60% of the
ultimate load. Based on these tests, he introduced three levels of shear force comprising the
shear force at which inclined cracks form, the shear force at which failure in the compression
zone (the soffit of the slab) occurs and the shear force at the ultimate flexural strength. A
statistical analysis of the test data showed that that the best agreement between the shear
force values resulted for a critical perimeter at a distance of 0.5xd away from the face of the
column.

Moe (1961) developed a semi-empirical formula for the ultimate shear strength, where the
nominal shear stress can be presented as:

v = V/bd
Where: V = Shear force

13



b = width of critical section in shear
d = effective depth of the slab

This empirical formula is used to determine the applied shear force at the punching shear
locations and is included in all three of the codes being considered.

Although there are several studies on the weaknesses of the shear stress theory, Lantsoght
(2009) states that it is still the most commonly used method and serves as a basis for the code
provisions.

2.2.2 Critical Shear Crack Theory

An alternative method to the shear stress theory is the critical shear crack theory. According
to Muttoni (2008), this theory describes the relationship between the punching shear strength
of a slab and its rotation at failure. The theory is based on the assumption that the shear
strength of a slab without transverse (or punching shear) reinforcement is governed by the
width and roughness of an inclined shear crack that develops through the included
compression strut carrying shear.

horizontal crack

B b
- critical shear crack

flexural cracks

local bending of the
compression zone

vl

Figure 3: Interpretation of measurements according to critical shear crack theory
(Guandalini et al, 2009)

The critical shear crack theory method will form the basis of the punching shear sections of
the new Eurocode design standard, which has a planned publication date of 2026 (Concrete-
Centre, 2020).

2.3 Factors affecting punching shear resistance

Several factors have been identified in the existing literature that have a significant impact on
the punching shear resistance of a slab location. Three of the main factors are included in this
section as part of the literature review.

2.3.1 Concrete Strength

Punching shear strength is directly related to the concrete strength of the flat slab, however it
is not clear if this relationship is a square or cubic root dependence (Lantsoght, 2009).

Mitchell et al (2005), state that it is not clear if the punching shear strength is proportional to
the square or cubic root and additional research is required to establish this relationship. The

14



code provisions of ACI 318 and AS 3600 consider a square root relationship while the
provisions of EN 1992 consider a cubic root relationship.

2.3.2 Provided Flexural Reinforcement

Mitchell et al (2005), studied the influence of the provided tension reinforcement ratio on
ultimate shearing strength and found that an increase in the flexural reinforcement ratio
increases the shear load carrying capacity of a location. It is to be noted that the flexural
reinforcement ratio is included in the shear strength equations of EN 1992, however the
provisions of ACI 318 and AS 3600 do not include this ratio.

2.3.3 Slab Openings

A comparative topic that is well represented in the literature considers the differences in code
provisions for slab openings adjacent to column positions.

Lourenco et al (2021), state that openings located adjacent to loaded areas decrease the
resistance of slabs as they result in the removal of concrete and reinforcement at the opening,
reducing the critical shear perimeter. The authors conducted a study to investigate the effect
of the location of openings in relation to column positions and compared these values to the
values predicted by four codes, namely ACI 318-19, EN 1992, fib Model Code 2010 (MC2010)
and NBR 6118. ACI was found to be more conservative with a 16% average value higher than
EN 1992. It should be noted that the ultimate limit state (ULS) load factors were not
incorporated in these analyses.

Al-Rousan and Alnemrawi (2023), conducted a study of twenty-one models using NLFEA to
assess the effect of opening sizes and locations. It was found that the opening size in slabs
affects the flat slab behaviour in all aspects including cracking, ultimate load, and ultimate
deflection. The code provisions of ACI 318-2019, EN 1992 and fib Model Code 2010 were
compared to each other where it was observed that the ACI 318 and MC2010 have a close
prediction in most cases to the results derived from the NLFEA analyses. Furthermore, the
ACI 318 provisions were found to be the most accurate from among the tested codes.

The punching shear code provisions for ACl 318-2014, EN 1992 and AS 3600-2018 are
presented in the sections to follow.

2.4 ACI 318-2014

The ACI 318-2014 code provisions for punching shear are detailed in Clause 8.4.4 ad 22.6 of
the code.

2.3.1 Notation and Terminology

A = loaded area = Total area — critical area

bo = perimeter of critical section for two-way shear in slabs

d = the average of the effective depths in the two orthogonal directions
f'e = compressive cylinder strength of concrete at 28-days

h = overall depth of a slab

Msc = factored slab moment that is resisted by the column at a joint

Ve = nominal shear strength provided by concrete

Vy = maximum factored two-way shear force

15
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Y

Yv

As

¢

2.3.2

factored load

constant used to calculate V.in slabs

ratio of the long to short sides of the column

factor used to determine the fraction of Ms. transferred by slab flexure at slab-
column locations

= factor used to determine the fraction of Ms. transferred by eccentricity of shear
at slab-column locations

= modification factor to reflect the reduced mechanical properties of lightweight
concrete relative to normal-weight concrete of the same compressive strength = 1.0
for normal-weight concrete

= size effect factor used to modify shear strength based on the effects of member
depth

= strength reduction factor = 0.75 for shear

Effective Applied Shear Force - V,

ACI| 318-2014 prescribes that one-way shear and two-way shear be checked for flat slab
systems. One way shear, which is analogous to beam shear, is beyond the scope of the project
and will not be considered.

Two-way shear, or punching shear, is checked in the vicinity of columns, concentrated loads
and reaction areas, according to the equation below:

The applied shear force Vy = wy A

2.3.2.1 Critical Perimeter — bg

The critical shear perimeter is checked at a distance of 0.5xd from the face of the column.
Straight lines are assumed to define the critical perimeter for rectangular and square columns.

di2

- —_
l 7 —I a2~/ N
||| - I-— di2 { \
| ”L,,rcmu-'nn \ /

L )l 4
Lo

“~_ Critical shear
(a) perimeter (b)

Figure 4: Basic control perimeters for different column geometries (Wight, 2016)

The code prescribes that the critical perimeter be reduced for slab openings located closer
than 4h from the face of a column.
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Figure 5: Openings close to loaded perimeters — Figure R22.6.4.3 in the code
(American-Concrete-Institute, 2014)

4

2.3.3 Punching Shear Resistance

The procedure for checking the punching resistance of as slab location is dependent on the
moment transfer at the location.

2.3.3.1 Uniform two-way shear (Without moment transfer)

Determine V.:
The punching shear resistance of a slab location is determined as the lesser of:

L

0330017 (a)

0.33
0.17+—= A AJf’ b
Least of (a), (b), and (c): { B ] ) 2

[0,1? +_0.0&;3a:d ]A;&Jf (©)

o

Figure 6: Equatiohs for determining- V. - Table 22.6.5.2_in the code (American-
Concrete-Institute 2014)

Where:
As = \(2/(1+0.004d)) < 1
as = 40 for internal columns, 30 for edge columns and 20 for corner columns
Jfc <8.3 MPa
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Determine Vymax:
Vymax IS the maximum permissible shear force in two-way shear at the location and therefore
if Vu > Vumax aredesign of the structural system is required.

Vumax= @/2 VFc b, d

2.3.3.2 Two-way shear with an unbalanced moment transfer

The transfer on an unbalanced moment is critical for edge and corner columns, where the
unbalanced moment is transferred to the column by flexure and eccentric shear.

YiMscis the fraction of the moment transferred by flexure and yyMscis the fraction of the moment
transferred by eccentric shear.

vi = 1/(1+(2/3) N(b1/b2)) and yv = 1- ys

b: and b, are the widths of the critical cross section in the longitudinal and transverse directions
respectively.

¥

I
crdl | (D
2 L

I

1

|A
1
c2+d | E\Critical

v | ___1 section (Ivig
Clecon . LB_ Shear
Cas c stress

(b) Edge column

Figure 7: Assumed distribution of shear stress - Figure R8.4.4.2.3 in the code
(American-Concrete-Institute 2014)
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2.5 EN 1992-1-1:2004

The provisions for punching shear according to EN 1992 are set out in Clause 6.4 of the code.

2.5.1 Notation and Terminology

d = mean effective depth of the slab taken as (dy+dx)/2, where dx and dy are the
slab effective depths in the x and y directions respectively

fed = design value of concrete compressive strength = fe/yc

fek = characteristic compressive cylinder strength of concrete at 28 days

Uz = length of the control perimeter under consideration

VEd = design value of the applied shear force

VRie = the design shear resistance of the member without shear reinforcement

VRrdmax = design value of the maximum shear force which can be sustained by the
member

Ye = partial factor for concrete = 1.5

2.5.2 Effective Applied Shear Stress - Vgq

The code presents the method for calculating the effective applied shear stress as per the
equation below:

Ved= B Ved/urd

2.5.2.1 Beta Factor - 8

The beta factor is a magnification factor introduced in the calculation of the effective shear
stress to account for shear force eccentricities at the punching shear location. These
eccentricities may be due to unbalanced moments for unequal slab spans.

A rigorous method of calculating the Beta factors is presented in Clause 6.4.3.(3) to 6.4.3.(5)
of the code. However, a simplified method is presented in Clause 6.4.3.(6). The simplified
method is limited to building structures where:

e The lateral stability of the structure does not depend on column moment frames; and

e The adjacent spans of the slab do not differ by more than 25%.

The simplified B values are presented in Figure 8 below.
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- internal column

- edge column

22 [C] - comer column

Figure 6.21N: Recommended values for #

Figure 8: Simplified recommended values for B - Figure 6.21N in the code (British-
Standard 2004)

This research project will be incorporate the simplified Beta factors.

2.5.2.2 Basic Control Perimeter — u;

The code prescribes the punching shear perimeter be located at a distance of 2xd from the
column face, where d is the mean slab effective depth. This perimeter is referred to as the
basic control perimeter us.

2 - -
2d u 2d 7 N u
e — N
PRI BN u / \ / \
/ Ve | | 2d 7 \
/ h 1 1 \
I \ bz| 1 i 1
1 ! I I I I
\ / 1 | I 1
\ 4 1 ) ] 1
~ 4 A\ / \ 7
Mg, = s s i OB N . ’
b,
|

Figure 9: Basic control perimeters for internal columns — Figure 6.13 in the code
(British-Standard, 2004)
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\ | 2d

R

Figure 10: Basic control perimeters for edge/corner columns — Figure 6.15 in the code
(British-Standard, 2004)

The basic control perimeter is reduced when openings in the slab are located closer than 6d
from the face of the column, as indicated in Figure 11 below:

2|d =64 L h=
| | = =
1 [
1 - I2
i } . B
\ / A/

Figure 11: Openings close to loaded perimeters — Figure 6.14 in the code (British-
Standard, 2004)

2.5.3 Punching Shear Resistance

EN 1992 details the procedure for checking a location’s punching shear resistance as follows:

2.5.3.1 Determine Vgg.:
The code defines Vrq, as the punching shear resistance of the slab location without punching
shear reinforcement being considered.

VRdc=Crdc K (100p1 fck)l/3 + klocp 2 (Vmin + klocp)
O¢p in the equation represents the normal concrete stresses in the concrete that result from
longitudinal forces caused by a load or more commonly a prestressing action. Prestressing
will not be considered for this research project and therefore the equation for Vg, Simplifies
to:

VRdc=Crde k (100p1 fck)l/3 2 Vin
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Where:
Crdc = 0.18/yc,
Vmin = 0.035 k3/2 fckllz,
k1 = 0.1,
k =1 + (200/2) < 2.0d in mm; and
p1=V(py . pr:) < 0.02 py and pi, are the bonded tension steel mean areas in the y and
z directions over a slab width plus 3 x d on each side of the column.

2.5.3.2 Determine Vrd max:

The code defines Vramax @s the maximum allowable design value of the shear force which can
be sustained by the slab location.

VRd,max=0.5 V fcq

Where:
v =0.6 (1-fa/250) and
fea = fck/Yc

If Ved > Vramax @ redesign is required, this can be achieved by reducing the applied loads,
increasing the slab depth or introducing a column head. However if Vigc £ Ved < Vrdmax |
punching shear reinforcement is required and should be designed and detailed to the
requirements of the code. This case falls outside the scope of this project and will not be
considered.
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2.6

AS 3600-2018

The punching shear code provisions of AS 3600-2018 are presented in Clause 9.3 of the code.

2.6.1 Notation and Terminology

23

dimension of the critical shear perimeter measured parallel to the direction of M,
distance from the extreme compressive fibre of the concrete to the centroid of the
outermost layer of tensile reinforcement

mean value of d, averaged around the critical perimeter

concrete shear strength

characteristic compressive cylinder strength of concrete at 28 days

characteristic yield strength of reinforcement

design bending moment to be transferred from a slab to a support

length of the critical shear perimeter

design shear force at a cross-section

ultimate shear strength

ultimate shear strength of a slab with no moment transfer

capacity reduction factor for design using linear elastic analysis, ¢ = 0.75 for shear in
members with class N fitments



2.6.2 Effective Applied Shear Stress —v

The effective applied shear stress at any column location is calculated from:

v =V/u dom
2.6.2.1 Critical Perimeter

The critical shear perimeter is checked at a distance of 0.5xd.m from the face of the column.
Typical column geometries are indicated in Figure 12 below:

Figure 12: Basic control perimeters for various column geometries - Figure 9.3(B) in
the code (Australian-Standard, 2018)

The code defines critical openings as openings that are located closer than 2.5xb, from the
edge of the critical perimeter, where b, is the dimension of the opening.
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Figure 13: Basic control perimeters for different column geometries - Figure 9.3(A) in
the code (Australian-Standard, 2018)

2.6.3Punching Shear Resistance

The code details the procedure for determining punching shear resistance of a slab location
based on the transmitted moment, M,", from the slab into the column.

2.6.3.1 Where M," = 0:

(qu = VUO =u dom.(fcv + 0.30cp),

O¢pis the average intensity of the effective prestress in the concrete. Therefore, when prestress
stresses are not considered the formula simplifies to:

OVi=Vw=u dom-(fcv)
Where: fo, = 0.17(1+ 2/Bn) Vfc < 0.347F'

Bn=YI/X (Y = Longest dimension of the effective loaded area, X = Overall dimension
measured perpendicular to Y)

2.6.3.2Where M," # 0:
Where M,” # 0, the moment is transmitted by flexure and torsion on the critical perimeter.
@Vu= Vu/(1.0 + u M,/(8 V" a dom))

Where:
a is the dimension of the critical shear perimeter measured parallel to the direction of M,
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2.7 Summary

The literature review has highlighted that although the punching shear code provisions between ACI 318, EN 1992 and AS3600 are based on the shear
stress theory, their execution differs between the three codes. It is evident from the literature review that the provisions of AS 3600 and ACI 318 are similar

than those presented in EN 1992.

This section of Chapter 2 summarises the punching shear code provisions for the three codes under consideration and addresses the first aim of the
research project, which was to identify and clarify the punching shear code provisions of the three codes.

Table 1: Punching shear code provisions for ACI 318, EN 1992 and AS 3600

Criteria for ACl| 318-14 BS EN 1992-1-1 AS 3600-2018

punching shear
ULS factors 1.2DL + 1.6LL 1.35DL + 1.5LL 1.2DL + 1.5LL
Critical perimeter b, at 0.5xd u; at 2xd At 0.5xdom
Length  of critical | 2*(d+cq)+2*(d+cCy) 2*%(2*2d+ cq1)+2*( 2*2d+cy) 2*(domt+cC1)+2*( dom*C2)
perimeter (c1 and c; are the column dimensions)
Slab  openings to|Closer than 4h from the face of the|Closer than 6d from the face of the|Closer than 2.5x the opening size from
consider column column the edge of the critical perimeter
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ACI 318 [3]

b, (effective perimeter)

Column

@

EUROCODE 2 [1]

uy (effective perimeter)

Opening

2

Critical shear
perimeter

<2.5b,

Ineffective
) portion
N\

Ineffective
paortion

Applied shear

Vo = W, A (kN)

Ved = B Ved/uid (MPa)

v = VU dom (MPa)

Accounting

for

unbalanced moments

Unbalanced moments are transferred to
the columns by flexure (yr) and eccentric
shear (yv)

vi = 1/(1+(2/3) V(b1/b2))

By the {3 factor

Unbalanced moments are transmitted
by flexure and torsion on the critical
perimeter.

(qu = Vuo/(lo +Uu Mv*/(8 V* a dom))

Yv = 1-vs
Punching shear | V¢ (kN) is the lesser of:
resistance VRdc=Crac K (100p1fa)® (MPa) ®Vu = Vo = U dom.(fov) (KN)
03301/

{0.1?+0T33’]151\/7;

(0.1?+—0'Oi3a5d)xsxﬁ

o
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Maximum  allowable VRdmax=0.5 V feq
punching shear stress |Vumax= @/2 \f'c bo d

In addition to the items noted in Table 1 above, it should also be noted that:

o The flexural reinforcement ratio (p) is taken into account when the punching shear resistance is determined according to EN 1992. However, the
ratio is not considered for ACI 318 and AS 3600.

e ACI 318 and AS 3600 incorporate the square root of the concrete strength to determine the punching shear resistance. EN 1992 incorporates the
cube root of the concrete strength.

o EN 1992 incorporates a partial material safety factor for concrete (yc = 1.5) to account for possible unfavourable deviations from the characteristic
design values. ACI 318 and AS 3600 incorporate a shear capacity or strength reduction factor (¢ = 0.75) for this purpose.
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Chapter 3: Research methodology

3.1 Introduction

The research methodology for the project is based on the literature review conducted in
Chapter 2. The punching shear code provisions that were detailed in Sections 2.4 to 2.6 of
Chapter 2 will be used as the basis of Chapter 3.

Chapter 3 details the methodology that was followed for the project. The aim of the chapter is
to determine the punching shear utilisation ratios ((Shear stress/shear capacity or Shear
force/Shear resistance) at three typical slab-column locations on a proposed typical residential
floor slab, based on the code provisions of ACI 318, EN 1992 and AS 3600. The values of the
utilisation ratios will be used to rate the efficiency of each of the codes, i.e. a lower utilisation
ratio indicates a higher punching shear code efficiency while a higher utilisation ratio indicates
a more conservative, and therefore less efficient punching shear code efficiency.

The second project aim will be achieved by undertaking a hand calculation analysis at each
of the three typical locations based on the provisions of the three codes being considered. A
software analysis will also be undertaken for the proposed typical slab at the same three
typical locations. The purpose of the software analysis is to correlate and validate the results
of the hand calculation analysis. Tekla Structural Designer (TSD) will be used for the software
analysis. TSD is a building analysis and design software program that incorporates a Finite
Element (FE) engine with automated FE meshing tools (Tekla, 2023).

Chapter 3 is divided into three parts, the structural system and inputs considered, the hand
calculation analysis, the software analysis and a summary of the chapter.

3.2 Structural System and Inputs

The structural system considered for the research project comprises a 250mm thick residential
floor slab supported by 450mmx450mm reinforced concrete columns on a 6mx6m column
grid.

This structural system is included in Figure 14 below, where the three typical locations which
will be considered are indicated by the blue circles.
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Figure 14: Floor layout indicating the typical punching shear locations to be checked.

The applicable material and loading inputs considered for the project are presented in the

tables below:

Table 2: Material Input Table
Material Property

Material Class

Concrete Grade, f/ f'c 32 MPa
Reinforcement grade, fy / fsy 500 MPa
Table 3: Loading Input Table

Load Type Load
Reinforced concrete density (p) 2500 kg/m?
Superimposed Dead Load (SDL) 2.00 kPa
Imposed Load (LL) 2.00 kPa

It should be noted that the lateral stability of the structural system has not been considered for
the structural system and only vertical/gravity loads are included. Cladding and wall loads are
not included in the calculations, therefore the checks only consider the area loads as indicated

in Table 3.
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3.3 Hand Calculation Analysis

The hand calculations analyses were carried out in Microsoft Excel and snapshots of the
calculations are included in the Section that follows.

3.3.1 ACI 318-2014

Typical Internal Column Location

INEFFECTIVE PORTION
—— OF CRITICAL SHEAR
PERIMETER

200x200 SLAB
OPENING

®

450 \ CRITICAL SHEAR

PERIMETER, u

Figure 15: ACI 318 - Typical internal column location
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Pfq'E:t Name: Punching Shear comparison between ACH 318, EC2 and AS 3600 UniSQ
Design Ttle: AC1318-2014 - Analysis
Design Title: Typical Internal Column DesgnedBy: G. Mpai
Sheet Number: 1 o 3 Desgn Dae: 2023/08/19
INPUT DATA Reference
Materials: ACI 318-2014
T; = 32 MPa
f = 500 MPa
Peomren = 2500 kgfm“
= 245 KN/m’
Sizb degth, h = 250 mm
Concretecove = 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Openingdimensions, D = 200 mm
E = 200 mm
Tributary Area = 6m- 6m
= 3% o
Provided sab tension renforcement
x-direction: dia = 16 mm (Assumed reinforcemert)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective depth, d = 204 mm
Slab DL = Ponceze” h = 6.13 kPa
Super-imposad DL, SOL = 200 kPa
Lwveload, LL = 200 kpPa
q, = 1.2:(SBb DL+ SDL) +1.6-LL
= 1296 kPa
V. = q,- Tributary Area
= 4665 kN
RESULTS
0.5d perimeter at = 102 mm
Determine M
M., = q,x1;x1,/8 Equation 8.10.3.2
= 299 kNm
Where :
L = 600 m
L = 6.00-A/2-8/2

555 m
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Prq'ect Name Punching Shearcompargon between AC 318 EC2 and AS 3600 UniSQ
DesignTitle: ACI318-2014 - Analyss
DesgnTitle: Typical Internal Column Designed By: G. Mpai
Sheet Number: 2 of 3 Design Date 2023/08/19
Reference
Determine the unbalanced moment: ACl 318-2014
M, = 070 - My cng 200 - 0.65 - My naeena zan Table8.10.4.2and8.10.4.1

= 1497 kN.m
(Assume that 100% of the load isto be resisted by the column strip)

Moment transfer design:
Total moment to betranserred
03-My = 898 kNm

Fraction of unbalanced moment carried by eccentricty of shear

Vs = 1/(1#(2/3) v(b1/b2))
= 0.60
b, = A+d = 654 mm
b; = B+d = 654 mm
Yv = 1"(!
- 0.40

Properties of critical section for shear:

A, = (2a+2b - ineffective permeter) -d
= S5E+05 mm’
Cie=Coo = 327 mm
I = d-(a’/6+ba’/)+ad’/6
= 4E+10 m°
Where :
a = 654 mm
b = 654 mm
b = 654

102 450 102
Pl & .11

> /]

102

a=654

102 450

-

810456

Equation8.4.2.3.2

Equation8.4.4.2.2
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Project Name Punching Shearcomparkson betwoen AC 318, EC2 and AS 3600 UniSQ
DesignTitle: ACI318-2014- Analyss
DesignTitle: Typical Internal Column Designed By: G. Mpai
Sheet Number: 3 of 3 Design Date:  2023/08/19
Reference
ACI318-2014
by =¢, +d Figure R8.4.4.2.3
1
D 7 A
Shzis el
by = '+ d : nn
B -
C
Cep | Can
c
(a) Intenor column
Gravity load shear to be transferred:
vy = 4665 WN
Combined stresses:
vV, = VJ/A.+yw-0.3- M, Caaflc R8.44.23
= 0966 + 0.301
= 1268 MPa
V,should not be greater ¢v.
ov. = 0.75-v. Table21.2.1
= 140 MPa
Where :
v.isthe lesser of: 22.65.2
033-A-vfe = 187 MPa Table22.6.5.2
0.17-(1 = 2/8)-A-Wie = 288 MPa
0083-(2+a,-d/bal-A-We = 950 MPa

sV, < -V,
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Typical Edge Location

‘ SLAB EDGE
450

450
I

CRITICAL SHEAR
PERIMETER, u

|
Figure 16: ACI 318 - Typical edge column location
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prq'e:t Name: Punching Shear comparnson betwoen ACI31E, EQ2 2nd AS 2600 UniSQ
Design Ttle: ACI 318-2014 - Analysis
Design Title: Typical Edge Column Desgned By: G. Mpai
Sheet Number: 1 o 3 Desgn Dae: 2023/09/02
INPUT DATA Reference
Materials: ACI 318-2014
f. = 32 MPa
f, = 500 MPa
Peancress = 2500 kg/ml
= 245 KN/m’
Sizb degth, h = 250 mm
Concretecover = 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Openingdimensions, D = 200 mm
E = 200 mm
Tributary Area = 6m-6m/2
= 18 m
Provided sliab tension renforcement
x-direction: dia = 16 mm (Assumed reinforcemert)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective depth, d = 204 mm
Loading:
Slab DL = Peoncere’ D = B6.13 kPa
Super-imposad DL, SDL = 200 KkPa
Liveload, LL = 200 KkPa
q, = 1.2-(Skb DL+ SDL) +1.6-LL
= 1296 kPa
v = q,- Tributary Area
= 2332 kN
RESULTS
0.5d perimeter at = 102 mm
Determine M
M., = q.x1;x1,’/8 Equation 8.10.3.2
= 289 kNm
Where :
I: = 600 m
L = 6.00-A/2-B/2
= 555 m
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Project Name: Punching Shaar comparison between ACI 318, EC2 and 46 3600 UniSQ
Design Tile: AC1318-2014 - Analysis
Design Title: Typical Edge Coumn Designed By: G. Mpai
Sheet Number: 2 of 3 Design Date: 2023/09/02
Reference
Determine the unbalanced moment: ACI318-2014
M, = 0.26 - M, endspan Table8.10.4.2
...... = 7?-8 m.m
100% of the load isto be resisted by the column strip
Moment transfer design:
Total moment to betransferred
03-M; = 898 kN.m 8.1046

Fraction of unbalanced moment carried by eccentricity of shear

Vi 1/(1+(2/3) v(b1/b2))

0.62
A+05d
B+d
1-y

0.38

"

552 mm
654 mm

T
I

L'd
1

n

Y

[}

Properties of critical section for shear:
A, = (2a+b)-d

= 358632 nm’
(2a- d- af2)/A.
86.66 mm

Cia

d-(2a’/3-(2a+b)- (C.a)’)+a-d’/6
2.1E+10 mm*

-
n

Where :
a = 552 mm
b = 654 mm

b = 654
102 450 102
F |’ . =

SLAB EDGE

a=552

102 450

Cas Cas

87

Equaion8.4.23.2

Equaion8.4.42.2
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Prq'ect Name: Punching Shear comparicon between AC 318 EC2 and AS 3800 \ UniSQ
Desgn Titlke: ACI 318-2014 - Analyss ;
DesgnTitle: Typical Edge Column DesgnedBy: G.Mpa
Sheet Number: 3 o 3 Design Date: 2023/09/02
Reference
ACI318-2014
bl - + g— Q col .
FigureRB4423
D i A .*_ :.'-.U
[£=22 r-‘ VaCD
! . ! ¥
bymcy +d ']I :“““ cntical M
I i ] sectwon
f— -
C B shear
| co L‘_‘. i stress
[+
(b) Edge column
Gravity load shear to be transferred:
vy = 2332 kN
Combined stresses:
V, = VJA,+yv-0.3-M, - Caaflc R8.4423
= 065+ 014
= 079 MPa
V, should not be greater ¢w.
dv. = 0.75-v, Table21.2.1
= 140 MPa
Where :
v. 5 thesmaller of: 22.6.5.2
033-A-wie = 187 MPa Table22.6.5.2
017-(1+2/8)-A-ve = 288 MPa
0083-(2+a,-d/ b -A-¥ie = 950 MPa
V, < v,
= 0.57
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Typical Corner Location

CRITICAL SHEAR ‘ -~——— SLAB EDGE

PERIMETER, u

I— SLAB EDGE

Figure 17: ACI 318 - Typical corner column location
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Project Name: Punching Shaar camparzon between ACI 318, EC2 3nd AS 3600 UnlSQ
Design Tile: ACI 318-2014 - Analyss
Design Tile: Typical Corner Column DesgnedBy: G.Mpai
Sheet Number: 1 ‘o 8 DesgnDae:  2023/09/02
INPUT DATA Reference
Materials: ACI 318-2014
Te = 32 MPa
& = 500 MPa
Peoncrene = 2500 kg/m’
= 285 KkN/m’
Sizb degth, h = 250 mm
Concretecover = 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Openingdimensions, D = 200 mm
E = 200 mm
Tributary Area = 6m/2 -6m/2
= 90 o
Provided slab tension renforcement
x-direction: dia = 16 mm (Assumed reinforcemert)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective depth, d = 204 mm
Loading:
Siab DL = Pooncete” = 6.13 kPa
SOL = 200 kPa
Live Load = 200 kPa
q, = 1.2-(Sb DL+ SOL) +1.6-LL
= 1296 kPa
V, = q, - Tributary Area
= 1166 kN
RESULTS
0.5-d perimeter at = 102 mm
Determine M
M., = q,x1;x1,'/8 Equation 8.10.3.2
= 299 KkN.m
Where:
k: = 600 m
L = 6.00-A/2-B/2
= 555 m
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prq‘ea Nm: Punching Shear comparson betwoen ACI 318, EC2 and A5 3600 UniSQ
Design Title: AC1318-2014 - Analysis

Design Title: Typical Corner Column Designed By: G. Mpai
Sheet Number: 2 of 3 Design Date: 2023/09/02
Reference
Determine the unbalonced moment in each direction: ACI318-2014
M, = 0.26 - My cndzpm Table8.104.2
= 778 kN.m

1003 of the load isto be resisted by the column strip

Moment transfer design:
Total moment to betransferred
03-M; = 89.8 kNm 8.1046

Fraction of unbalanced moment carried by eccentricity of shear
Vs = 1/(1+(2/3) v(b1/b2)) Equaion8.4.23.2

= 0.60
b, = A+05d = 552 mm
B+0.5-d = 552 mm
Yy =1-y Equation 8.4.42.2
= 0.40

7
1

Properties of critical section for shear:

A = (a+b)-d
= 26405 mm’
Cis = (a-d-a2)/A.
= 690 mm
L = d-(2-a°/3-(2a+b)x(Ce)’)+a-d’/6
= 26410 mm°
Where :
a = 552 mm
b - 552 mm
G - SLAB EDGE
69
O 81 T — 87 7.%
[
S 3 |@
L |
i 102 450
552
SLAB EDGE » T v




Project Name:

Punching Shear comparsan between AC 318 EC2 3nd AS 3600 l ]n iSQ

DesgnTitle: ACI 318-2014 - Analss
DesgnTitle: Typical Corner Column Designed By: G. Mpai
Sheet Number: 3 o 3 Design Date: 2023/09/02
Reference
Gravity load shear to be transferred: ACI318-2014
V., = 1166 kN
Combined stresses:
Vv, = V /A +yvx0.3 My x Caaflc R8.4.4.23
= 0518+ 0.11
= 0630 MPa

V, should not begreater ¢v,

dv. = 0.75x v, Table21.2.1
= 1400 MPa
Where:
v. 5 thesmaller of: 22.6.5.2
033xAxvfc = 187 Table22.6.5.2
0.17(1+ 2/B)Avfc = 2885
0083(2+a d/b)Avfc = 9.501
sV, < Ov,
UR = 045
Siab has adequate punching capacity
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3.3.2 EN 1992-1-1:2004

Typical Internal Column Location

REDUCTION IN BASIC
CONTROL PERIMETER

N 200x200 SLAB
/ ) OPENING

™)
5

T

E

-|
o

Rels

X, A

/\ BASIC CONTROL

PERIMETER, u1

Figure 18: EN 1992- Typical internal column location
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Project Name: Punching Shear comparison between ACI318, £C2 and AS 3600 UnISQ

Design Tile: Eurocode2 - Analysis
Design Tile: Typical Internal Column DesgnedBy: G. Mpai
Sheet Number: 1 & 2 DesgnDae:  2023/06/30
INPUT DATA |Reference
Materials: BSEN 1992-1-1-2004
fa = 32 Mpa
fa = 500 MPa
Ye = 15
Peoncrex = 2500 Icg!m’
= 245 KN/m’
Slab degth, h = 250 mm
Concretecover - 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Openingdimensions, D = 200 mm
E = 200 mm
Tributary Area = 6m-6m )
= 36 m
Beta factor, B = 115 6.4.3.(6)
Provided siab tension renforcement
x-direction: dia = 16 mm (Assumed reinforcemert)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective depth, d = 204 mm 6.4.2
Loading:
Slab DL = Peonexteh
= 613 kPa
Super-imposed DL, SDL = 200 KkPa
Lveload, LL = 200 kPa
Uitimate UDL = 1.35-(SBb DL+ SDL) +1.5-LL
= 1398 kPa
Via = Tributary Area- UDL
= 5032 kPa
P-Vea = 5787 kPa
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Project Name Punching Shear comparison between ACI 318, EC2 and AS 3600 UniSQ
DesignTitle: Eurocode 2 - Analyss
DesignTitle: Typical Internal Column DesgnedBy: G. Mpa
Sheet Number: 2 of 2 Design Date  2023/06/30
Reference
RESULTS BS EN 1992-1-1-2004
2d permeter locaed & = 408 mm 64.2
U = 2A+2B
= 1800 mm
U = 2A+2-B+2-1er 64.2.(1)
= 4364 mm
Hole reduction = 335 mm 64.2.(3)
Uy ot = 4029 mm
At columnface:
Vi = BVe/uod
= 158 MPa
Vo max = 05-vfq 64.5.(3)
= 558 MPa
Where:
v = 06-(1-f,/25) Equation 6.6N
= 052
fc.a - (:JV.:
= 2133 MPa
Vea/V et mas =" 0.28
At basic control perimeter:
Ve = BVes/u,d Equation6.38
= 070 MPa
Vrde
Vs = Coark(Fifs)™ 2 Vo, Equation 6.47
= 060 MPa
Where:
Cﬂar.'-c = 0.12
k = 1+v200/d
= 199
Fy = 100-A,
= b,d
= 0493
Ve = 0035-k¥*-fck*?
= 056 MPa
Vea/Vrarc =" 118

A redesign of the slab is required
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Typical Edge Location

‘ SLAB EDGE
450

|
|
|
|
450
|
|
|

BASIC CONTROL
PERIMETER, u1

Figure 19: EN 1992 - Typical edge column location
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|Prq’¢t Name: Punching Shear comparison between ACI318, EC2 and AS 3600 U n iSQ
Design Title: Eurocode 2 - Analysis
Design Tile: Typical Edge Column DesgnedBy: G.Mpa
Sheet Number: I o 2 Desgn Dae: 2023/06/30
INPUT DATA Reference
Materials: BSEN 1992-1-1-2004
fa = 32 MPa
| = 500 MPa
Ve = 15
Peonzrex = 2500 kg/m’
= 245 KkN/m’
Slab degrh, h = 250 mm
Concretecover = 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Opening dimensions, D 200 mm
E = 200 mm
Tributary Area = 6m-6m/2
= 18 m
Betafactor, B = 14 6.4.3.(6)
Provided siab tension reinforcement
x-direction: dia = 16 mm (Assumed raeinforcemert)
spxing = 200 mm
= 1005 mm°/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mmsfm
Effective depth, d = 204 mm 6.4.2
Loading:
Slab DL - p.:ﬂna:‘.ch
= 613 kPa
Super-imposed DL, SDL = 200 kPa
Lveload, LL = 200 kPa
Ultmae UDL = 1.35-(Skab DL+ SDL) +1.5-LL
= 1398 kPa
Viq = Tributary Area- UDL
= 2516 kPa
B-Vey = 3522 kPa
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Project Name Punching Shear comparison between ACI 318, EC2 and AS 3600 1 Q
DesgnTite: Eurocode 2 - Analyss Un]s
DesignTitle: Typical Edge Column DesignedBy: G. Mpai
Sheet Number: 2 of 2 Design Date  2023/06/30
Reference
RESULTS BS EN 1992-1-1-2004
2d perimeter locaxed & = 408 mm 64.2
Uy = 2A+B
= 1350 mm
Uy = 2A+B+2-(2T-1/4) 64.2.(1)
= 2632 mm
Hole reduction = 0 mm 64.2.(3)
Uy, ot = 2632 mm
At columnface:
Vi = BVeafuod
= 128 MPa
Ved ma = 05-vfa 64.5.(3)
= 558 MPa
Where:
v = 06-(1-f4/25) Equation6.6N
= 0.52
fea = fa/v.
= 2133 MPa
Ve = BVedu,d Equation6.38
= 066 MPa
Vrde
Viae = Coack(Fifa)™" 2 Vo Equation 6.47
= 0.60 MPa
Where
Coace = (.12
k = 1+v200/d
= 199
F = 100-A,
= b,d
= 0493
Van = 0035-k¥fck™?
= 056 MPa
Ved/Vrae = 110

A redesign of the slab is reguired
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Typical Corner Location

BASIC CONTROL

PERIMETER, u1 \

—— SLAB EDGE

4

O

I— SLAB EDGE

Figure 20: EN 1992 - Typical corner column location
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Project Name: Punching Shear comparison between AC1318, EC2 and AS 3600 UHISQ
Design Title: Eurocode 2 - Analysis
Design Title: Typical Corne Column DesgnedBy: G.Mpai
Sheet Number: 1 o 2 DesgnDae:  2023/06/30
INPUT DATA Reference
Materials: BS EN 1992-1-1-2004
fa - 32 MPa
£, = 500 MPa
Ve = 15
D = 2500 gkg/m’
= 245 KN/m’
Sliab depth, h = 250 mm
Concretecover = 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Openingdimensions, D = 200 mm
E = 200 mm
Tributary Area = 6m/2 -6m/2
= 9
Beta factor, B = 15 6.4.3.(6)
Provided slab tension renforcement
x-direction: dia = 16 mm (Assumed raeinforcemert)
spxing = 200 mm
1005 mm’/m
y-drection: dia = 16 mm
spacing = 200 mm
= 1005 mmz/m
Effective depth, d = 204 mm 6.4.2
Loading:
Slab DL = Peonceseh
= 613 kPa
Super-imposed DL, SDL = 200 kPa
Liveload, LL = 200 kPa
Ultimaze UDL = 1.35-(Seb DL+ SDL) + 1.5-LL
= 1398 kPa
Veq = Tributary Area- UDL
= 1258 kPa
B-Vea = 1887 kPa
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Project Name Punching Shear comparison between ACI 318, EC2 and AS 3600 Un lSQ
DesignTitle: Eurocode 2 - Analyss
Design Title: Typical Corner Column Designed By: G. Mpai
Sheet Number: 2 of 2 Desgn Date  2023/06/30
Reference
RESULTS BSEN 1992-1-1-2004
2dpermeter locedax = 408 mm 64.2
U = AsB
= 90 mm
u = A+B+2mr/4 64.2.(1)
= 1541 mm
Hole reduction - 0 mm 64.2.(3)
Uy a4 = 1541 mm
At columnface:
Vi = BVid/usd
103 MPa
Vedmau = 05-vfa 64.5.(3)
= 558 MPa
Where:
v = 06-(1-f,/25) Equation6.6N
= 052
fes = fa/v:
= 2133 MPa
Vis = BVe/ud Equation6.38
= 060 MPa
Vrde
Ve = Coack(Fifa)™ 2 Vo Equation 6.47
= 060 MPa
Where:
Cnac_'.c = 0.12
k = 1+v200/d
= 199
F, = 100-A,
= bd
= 0493
Vaun = 0035k -fck*”
= 056 MPa
Vea/V s =" 100

A redesign of the slab is required
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3.3.3 AS 3600-2018
Typical Internal Location

INEFFECTIVE PORTION
— OF CRITICAL SHEAR
PERIMETER

200x200 SLAB

LA\ OPENING

450
|

450

\ CRITICAL SHEAR

PERIMETER, u

Figure 21: AS 3600 - Typical internal column location
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Project Name: Punching Shoar comparizon botw oon ACH 318, EQ2 and AS 3600 UniSQ
Design Ttle: AS 3600-2018 - Analysis
Design Ttle: Typical internal Column DesgnedBy: G.Mpai
Sheet Number: 1 o 2 Desgn Dae: 2023/07/30
INPUT DATA Reference
Materials: AS 3600-2018
£ = 32 MPa
£, = 500 MPa
Peoncrex = 2500 kg/m’
= 245 kN/m”
Slab degxh, h = 250 mm
Concretecover = 30 mm
Columndimensions, A = 450 mm
B = 450 mm
Opening dimensions, D = 200 mm
E = 200 mm
Tributary Area = 6m- 6m
= 36 m
Provided slab tension reinforcement
x-direction: dia = 16 mm |(Assumed reinforcement)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective depth, d.., = 204 mm
Loading:
Slab DL = pcancmch
= 613 kPa
Super-imposad DL, SOL = 200 kPa
Liveload, LL = 200 kpPa
Fa = 1.2-(Seb DL+ SDL) +1.5-LL
= 1276 kPa
v = Tributary Area- UDL
= 4593 kPa

53




Project Name Punching Shoarcomparson between AC 318 EC2 and AS3600 o Un iSQ
Design Title: AS 3600-2018 - Analyss I\
DesignTitle: Typical Internal Column DesgnedBy: G. Mpa
Sheet Number: 2 of 2 DesgnDate  2023/07/30
Reference
RESULTS AS 3600-2018
05-d.., permeter & = 102 mm 9313
u = 2{A+2-0.5d,.)+2-(B+2-05-d...)
= 2616 mm 93.1.2
Hole reduction = 249 mm
U s = 2367 mm
Atcritical shear perimeter:
Concrete shear strength:
f. =0.17-(1+ 2/B,) Vfc < 034Vfc 9.3.3.(a)
= 192 MPa
Where:
B = 450/450
= 100
Uitimate shear strength of slab with no moment transfer:
Ve =udyfe = 9287 kN 9.3.3(1)

Ultimate shear strength of siab modified for moment transfer in major/minor direction:

V,=V,/(1.0 + u-M,*/(8V* ad,.))

= 808 kN
oV, = 07V,
= 565.6 kN
Where :
a = A"‘dom = 654 mm
M=, =
= 0.75-M, cnd zon = 0.65-M, reemat 2o
= 3092 kN.m
(Assume that 1005 of the load is to be resisted by the column strip)
Moa\dw - Fa‘LrLo‘fa
309.2 kNm
L, = 6m-0.70.45/2- 0.7-0.45/2
= 569 m
L = 600 m
Mu wteral wpar = Fu'Lo_'Lo‘fa
= 309.2 kNm
sV, > Ve

R 0.81

9.3.4(1)

Table 2.2.2

Out of balance moment between the two adjacent faces of the interior column

Based on the simplified method
0.75coefficient - Table 6£.10.4.3 (A)
0.65 coefficient - Table £.10.4.3 (B)

6.104.2

6.10.4.2
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Typical Edge Location

‘ SLAB EDGE
450

|
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| CRITICAL SHEAR
PERIMETER, u

Figure 22: AS 3600 - Typical edge column location
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Proje:t Name: Punching Shear comparison beswoen ACI 318, EQ2 and AS 3600 Un iSQ
Design Tile: AS 3600-2018 - Analysis
Design Tile: Typical Edge Column DesgnedBy: G.Mpai
Sheet Number: 1 = 2 DesgnDae:  2023/07/30
INPUT DATA Reference
Materials: AS 3600-2018
f. = 32 MPa
£ = 500 MPa
Peancren = 2500 kg/ml
= 245 kN/m~
Siab depth, h = 250 mm
Concretecove 30 mm
Columndimensons, A = 450 mm
B = 450 mm
Tributary Area = 6mém/2
= 18 m"
Provided sab tension renforcement
x-direction: dia = 16 mm (Assumed reinforcement)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective depth, d..., = 204 mm
Loading:
Siab DL - pcma:ech
= 613 kPa
Super-imposad DL, SOL = 200 kPa
Lveload, LL = 200 kPa
Fa = 1.2:(Seb DL+ SDL) +1.5-LL
= 1276 kPa
v = Tributary Area- UDL

229.6

kPa
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V,=V,./(1.0 + +M,*/(8V* ad..))
= 444 kN

oV, 07V,

3106 kN

Where :
a - = B54 mm
M=, major = QOut of balance moment

{Only the direction of the critical out of balance moment sconsdered)

= 025 % M; cngzpun

= 7731 kNm
(Assume that 1005 of the load is to be resisted by the column strip)
Folels /8

Momﬁ;:un

309.2 kNm
6m-0.70.45/2- 0.7-0.45/2
5.69

6.00 m

L

|Project Name: Punching Shear comparEon between AC 218, EC2 3nd AS 3600 Un iSQ
Design Title: AS 3600-2018 - Anakss
DesgnTitle: Typical Edge Column Designed By: G. Mpa
Sheet Number: 2 of 2 Design Date 2023/07/30
Reference
RESULTS AS 3600-2018
05-d.., permeter & = 102 mm 93.13
u = 2{A+0.5d.,}+(B+2-0.5d,.)
= 1758 mm
Hole reduction - 0 mm 9312
U e = 1758 mm
Atcritical shea perimete':
Concrete shear strength:
f., =0.17-(1+ 2/B,) Vfc £ 034vfc 9.3.3.(a)
= 192 MPa
Where:
B = 450/450
= 100
Uitimate shear strength of siab with no moment transfer:
Ve =udf. = 6898 kN 9.3.3(1)

Ultimate shear strength of siab modified for moment transfer in major direction:

9.3.4(1)

Table 2.2.2

Based on thesimplified method
Table 6.10.4.3 (A)

6.10.4.2
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Typical Corner Location

CRITICAL SHEAR
PERIMETER, u

450

-—— SLAB EDGE

(> Q
—_——u =10 | 3
<

L SLAB EDGE

Figure 23: AS 3600 - Typical corner coILimn location
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Prq'm Name: Punching Shear comparison betwoen ACI 318, EQ2 and AS 3600 UniSQ
Design Tile: AS 3600-2018 - Analysis
Design Tile: Typical Corner Column Desgned By: G. Mpai
Sheet Number: 1 o 2 Desgn Dae: 2023/07/30
INPUT DATA Reference
Materials: AS 3600-2018
e = 32 MPa
£, = 500 MPa
Peoneren = 2500 Wml
= 245 kN/m”
Slab degxh, h = 250 mm
Concretecover = 30 mm
Columndimensons, A = 450 mm
B = 450 mm
Tributary Area = 6m/2-6m/2
- 9 m
Provided slab tension reinforcement
x-direction: dia = 16 mm (Assumed reinforcement)
spxing = 200 mm
= 1005 mm’/m
y-drection: dia = 16 mm
spxing = 200 mm
= 1005 mm’/m
Effective d‘-‘-ﬂ'h, do'n = 204 mm
Loading:
Siab DL = 1.2-(Seb DL+ SOL) +1.5-LL
= 6.13 kPa
Super-imposed DL, SDL = 200 kPa
Liveload, LL = 200 kPa
Fa = 1.2-(Skb DL+ SDL) +1.5-LL
= 1276 kPa
v Tributary Area- UDL

1148 kPa
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Project Name Punching S$hearcamparson between AC 318 EC2 and AS 3600 UniSQ
Design Title: AS 3600-2018 - Anakss
DesgnTitle: Typical Corner Column Designed By: G. Mpai
Sheet Number: 2 of 2 Design Date  2023/07/30
Reference
RESULTS AS 3600-2018
05-d.., permeter & = 102 mm 9313
u = (A+0.5d,, +{B+0.5d,.,)
= 1104 mm
Hole reduction = 0 mm 9.3.1.2
U .5 = 1104 mm
At critical shear perimeter:
Concrete shear strength:
f., =0.17-(1+ 2/B,) Vfc £ 034vfc 9.3.3.(a)
= 192 MPa
Where:
B = 450/450
= 100
Ultimate shear strength of siab with no moment transfer:
Vo =ud.f. = 4332 kN 9.3.3(1)

Uitimate shear strength of siab modified for moment transfer in major/minor direction:

Vo=V, /(1.0 +uM,*/(8V* ad,.))

- 255 kN
OV, = 07V,
= 178.7 kN
Where :
a = IA"’do.'rl = 654 mm
M=, = Out of balance moment in either direction
= 025X M, cnd 2030
= 7131 kN.m
Mo ond zp3n = Fs'L:‘La‘;S
= 309.2 kN.m
L = 6m-0.70.45/2-0.7-0.45/2
= 569
L = 600 m
Mo = Frlels/8
= 309.2 kN.m
LoV, >V
UR = 064

9.3.4(1)

Table 2.2.2

Based on the simplified method
Table 6.10.4.3 (A)

6.10.4.2

6.104.2
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3.4 Software Analysis

Tekla Structural Designer (TSD) was used for the software analysis of the slab. TSD is a
building analysis and design software program that incorporates a Finite Element (FE) engine
with automated FE meshing tools (Tekla, 2023). It is uniquely useful for this research project
as its design functionality allows for checking punching shear directly in the program based
on the requirements of many of the major design codes used around the world.

The software analysis is intended to validate and correlate the results from the hand
calculation analysis, i.e., to ensure that the results obtained from the hand calculation analysis
are reasonable and relatively accurate.

Three sets of models were created to incorporate the requirements of each of the codes under
consideration. Each of the models incorporated the same material properties and the loading
as applied to the hand calculation analysis.

® ® © © ® ®
@ - : : * r
@ - -f" 8 4 -

Figure 25: TSD Floor model — 3D view
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The results obtained from each of the typical punching checks in each of the three models are
presented in the sections to follow, these results are included as snapshots taken from TSD.
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3.4.1 ACI 318-2014
Typical Internal Location

1-C8-PC1 results (ACI 318, 2014)

% Summary
E-v/¢ 1LRFD,-1.2D+1.6L
&+ FE Chase Down

EE¥LY Critical Perimeter

¢1 LRFD,-1.2D+1.6L - FE Chase Down - Critical Perimeter

Shear foree

[ Total adjustment

Adjusted perimeter shear force

Moment about major axis

Moment about minor axis

Closed perimeter breadth

Closed perimeter depth

Effective critical perimeter length

Effective depth to tension reinforcement in slab

[ Concrete shear resistance
[ Shear stress at critical perimeter

Strength reduction factor

Unreinforced shear resistance

Shear stress utilization ratio

v, ¢ x v, shear reinforcement not required
v Pass

V, = 541.4 kN

AV, =L+ Swt+R=4.9 kN
WV, =V, - AV, = 536.5 kN
M., = 16.6 kNm
M_.__.= -10.4 kNm
B....= 654.0mm
D....= 654.0mm

b, = 2367.1 mm

d=204.0 mm

v.=MIN[v_, v, v_]= 1.838 N/mm’
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v, =V, .= 1.291 N/mm’
= 0.750

& x v, = x v.= 1.379 N/mm’

ACl 318-14 Section 8.4.4.2.3



Typical Edge Location

1-C4-PC3 results (ACI 318, 2014)

% Summary
E-v/e 1LRFD-1.2D+1.6L
E~+/¢ FE Chase Down

4] Critical Perimeter

¢1 LRFD,-1.2D+1.6L - FE Chase Down - Critical Perimeter

Shear force

> Total adjustment
Adjusted perimeter shear force

Moment about major axis
Moment about minor axis
Closed perimeter breadth
Closed perimeter depth

Effective critical perimeter length
Effective depth to tension reinforcement in slab
(> Concrete shear resistance

> Shear stress at critical perimeter

Strength reduction factor

Unreinforced shear resistance
Shear stress utilization ratio
v, £ ¢ x v, : shear reinforcement not required

v Pass
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V, = 225.6 kN
AV, =L+ Swt+R=4.6 kN

V,,e=V, - AV, = 221.0 kN
M.,...= -96.8 kNm
M_.__=-2.3 kNm

minar

B ...= 654.0mm
D...n=952.0mm

b,= 1758.0 mm
d= 204.0 mm

v.=MIN[v_, v, v_]= 1.838 N/mm’

= 0.627 N/mm’
&= 0.750

V=V,

u.max

o xv,= 6 xv.= 1.379 N/mm’

ACl 318-14 Section 8.4.4.2.3



Typical Corner Location

1-C24-PC2 results (ACI 318, 2014)

S+ 1LRFD;1.2D+1.6L

E)-v/¢ FE Chase Down

E,,,..,./g Critical Perimeter

¢1 LRFD,-1.2D+1.6L - FE Chase Down - Critical Perimeter

Shear force WV, = 108.0 kN
= Total adjustment AV, =L+ Swt+R=3.9kN
Adjusted perimeter shear force V,es=V, - AV, = 104.2 kN
Moment about major axis M_,..= 57.3 kNm
Moment about minor axis M_....= -96.6 kNm
Closed perimeter breadth B...mn=952.0mm
Closed perimeter depth D,.im= 9520 mm
Effective critical perimeter length b, = 1104.0 mm
Effective depth to tension reinforcement in slab d=204.0mm
> Concrete shear resistance v.=MIN[v_,, v, v..]= 1.838 N/mm’
[ Shear stress at critical perimeter v, =V, ... = 0.463 N/mm’
Strength reduction facor &= 0.750
Unreinforced shear resistance ¢ xv,= ¢ x v, = 1.379 N/mm’

Shear stress utilization ratio
v, <6 x v, : shear reinforcement not required
' Pass
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ACl 318-14 Section 8.4.4.2.3



3.4.2 EN 1992-1-1:2004
Typical Internal Location

1-C8-PC1 results (BS EN 1992-1-1 + UK NA, 2004)

Oy summary +2 STR,-1.356+1.5Q+1.5RQ - FE Chase Down
[';;J""" 1Lc Shear force V. = 588.7 kN

Total adjustment

Adjusted perimeter shear force
Moment about major axis
Moment about minor axis

AV, =L+ Swt+R=18.2 kN
Vig rea = Ve - AV, = ST05 kN
M_,..= 18.3 kNm
M_...= -11.5 kNm

Bounding rectangle breadth B.....=4500mm
Bounding rectangle depth D,.,..= 450.0 mm
Equivalent rectangle breacth B, = 450.0 mm
Equivalent rectange depth D,...= 450.0mm
Effective depth to tension reinforcement in slab d= 204.0 mm
Tension reinforcement ratio in slab resisting bending about major axis Prrger= 051%
Tension reinforcement ratio in slab resisting bending about minor axis Plminee = 0.47 %
Tension reinforcement ratio in slab Py =MINL Pz X Prmieer » 2% 1= 0.49 % EN 1992-1-1:2004 Section 6.2.2(1)
Loaded perimeter u,= 1628.9 mm
First basic control perimeter u,= 4026.2 mm

Ve = MAX G, x k % (100 x p,x F 0", v, 1= 0,599 N/mm® EN 1992-1-1:2004 Section 6.4.4(1)

B=1+ (Koo % (I Mesmaioe| £ [Vt real ) 2 (U £ Wi D) (K 2 (1M inael / Vet el ) % (U / Wy i) = 1,073 EN 1992-1-1:2004 Section 6.4.3(3)
¥een= B % Vi / (U x d)= 1.901 N/mm®

Vaura =0.5% vxf_= 5581 N/mm’ EN 1992-1-1:2004 Section 6.4.5(3)

- Unreinforced punching shear resistance
[ Magnification factor

Shear stress at face of loaded perimeter
[ Maximum punching shear resistance

Shear stress utilization ratio Veuo / Yoy o= 0.341
" Pass

Shear stress at basic control perimeter Vga1 = B % Visree / (U % d)= 0.745 Nf/mm’
Unreinforced shear strength ratio Veoy [ Vo = 1.244
Steel design strength f .= 434.8 N/mm’

f,.cai= MIN[ 250 + (0.25 x d), .. ] = 301.0 N/mm’ EN 1992-1-1:2004 Section 6.4.5(1)
A 05, =(u /(15 xf )% (v, -(0.75 x v, ))= 2638 mm’/m

A peiend 5=0mm’/m

Effective shear reinforcement yield strength
Shear reinforcement ratio reguired
Reinforcement area provided

UR not applicable because the area of reinforcement provided is null
® Fail
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Typical Edge Location

1-C4-PC3 results (BS EN 1992-1-1 + UK NA, 2004)

1% 2 STR,-1.35G+1.5Q+1.5RQ
B, ] FE Chase Down

¢2 STR,-1.35G+1.5Q+1.5RQ - FE Chase Down

Shear force

Total adjustment

Adjusted perimeter shear force

Moment about major axis

Morment about minor axis

Bounding rectangle breadth

Bounding rectangle depth

Equivalent rectangle breacth

Equivalent rectange depth

Effective depth to tension reinforcement in slab

Tension reinforcement ratio in slab resisting bending about major axis
Tension reinforcement ratio in slab resisting bending about minor axis
Tension reinforcement ratio in slab

Loaded perimeter

Maximum loaded perimeter

Loaded perimeter

First basic control perimeter

= Unreinforced punching shear resistance

Magnification factor
Shear stress at face of loaded perimeter

> Maximum punching shear resistance

Shear stress utilization ratio

' Pass

Shear stress at basic control perimeter
Unreinforced shear strength ratio

Steel design strength

Effective shear reinforcement yield strength
Shear reinforcement ratio required
Reinforcement area provided

UR not applicable because the area of reinforcement provided is null
® Fail

Vi, = 246.2 kN

AV, =L+ Swt+ R= 13.9 kN
Vs res= Vs - AV, = 2324 kN
M__. = -108.2 kNm

majer

M
B
D

iner= -2.5 kKNm
= 450.0 mm
= 450.0 mm
eun= 4500 mm
ceen = #50.0Mm
d=204.0mm
Pimser = 0.51%
Prrinee= 0.47 %

Bound

Bound

B
D

p'-m-pr X Puminae + 2% ]= 0.49%

u,= 1350.0 mm

Us o, =(3xd)+D,,,= 1062.0 mm
u,=MIN[u,, u, . 1= 1062.0 mm

u, = 2631.8 mm

Vo =MAX[ G, x kx (100 x p,xf)*?, v 1= 0.599 N/mm’

e er= MIN[ 250 + (0.25 % d), f .. ] =
A5, =(u /(15xF )% (ve, -(0.75 x v, ))= 939 mm*/m

2
A pravzesd =0 mm*/m
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B=MIN[B,, Bs 1= 1.410

Vo= B % Ve, / (Uyx d)= 1.603 N/mm’
=0.5% v xf_= 5581 N/mm’
Veoof Voo o= 0.287

Vea 1= B X Vi oo / (U x d)= 0610 Nf""'ﬂ"l"l2

VEHJ./“HH.(= 1.019
_ 2

f .= 434.8 N/mm
301.0 N/mm’

EN 1992-1-1:2004 Section 6.2.2(1)

EN 1992-1-1:2004 Section 6.4.5(3)

EN 1992-1-1:2004 Section 6.4.4(1)

EMN 1992-1-1:2004 Section 6.4.5(3)

EN 1992-1-1:2004 Section 6.4.5(1)



Typical Corner Location

1-C24-PC2 results (BS EN 1992-1-1 + UK NA, 2004)

% Summary

E-+ 1LC1

-+ 2STR,-1.35G+1.5Q+1.5RQ
(WY FE Chase Down

22 STR,-1.35G+1.5Q+1.5RQ - FE Chase Down

Shear foree

> Total adjustment

Adjusted perimeter shear foroe

Moment about major axis

Moment about minor axis

Bounding rectangle breacth

Bounding rectangle depth

Equivalent rectangle breadth

Equivalent rectange depth

Effective depth to tension reinforcement in slab

Tension reinforcement ratio in slab resisting bending about major axis
Tension reinforcement ratio in slab resisting bending about minor axis
Tension reinforcement ratio in slab

Loaded perimeter

Maximum loaded perimeter

Loaded perimeter

First basic control perimeter

- Unreinforced punching shear resistance
> Magnification factor

Shear stress at face of loaded perimeter

> Maximum punching shear resistance

Shear stress utilization ratio

v Pass

Shear stress at basic control perimeter
Unreinforced shear strength ratio

Veas S Vpae
" Pass

V,, = 118.2 kN

AV, =L+ Swt+R=9.6 kN
Vezres= Ves - AVp, = 108.6 kN
M,_,..= 63.6 kNm

M_._.= -63.0 kNm
B,....= 450.0 mm
D,....= 450.0 mm
B,...= 450.0 mm

D,...= 450.0 mm

d=204.0 mm

Prmsior = 0.51%

Pz = 0.47 %

Piorsize % Piminar » 2% 1=0.49%
u,= 900.0 mm

Uy, =3 xd=612.0 mm

Uy = MIN[u,, Uy, 1= 612.0 mm
u,= 1540.9 mm

b

Py =MIN(

Voo =MAX[ G, x k x (100 x p,xf)?, v__ 1= 0.599 N/mm’
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B =MIN[ By, Bs ]= 1.500

Veso= B % Ve / (U x d)= 1.420 N/mm’
=0.5% vxf_= 5581 N/mm’
Vezo/ Yag ma = 0.254

vke,n-au

Yea:= B X Vs oo / (U x d)= 0.518 N/mm’
Voo o/ V2s.= 0.865

EN 1992-1-1:2004 Section 6.2.2(1)

EN 1992-1-1:2004 Section 6.4.5(3)

EN 1992-1-1:2004 Section 6.4.4(1)

EMN 1992-1-1:2004 Section 6.4.5(3)



3.4.3 AS 3600-2018
Typical Internal Location

1-C8-PC1 results (AS:3600, 2018)
¢FE Chase Down - 1 Cb,-1.2G+1.5Q+1.5Qr - Critical Shear Perimeter 1
Design shear force W* = 550.0 kN
¥ 1Cb;-1.26G+1.5Q+1.5Qr Loads applied within peimeter L=2.2kN
| Lve slab self weight 5,.0= 30N
S 2 Che-GHuQ+wQr )
Lo CriticalShear Perimeter 1 Support reaction R=0.0 kN
/. Total adjustment Av*=L+S, +R=51kN
Adjusted perimeter shear force W L= V- AVY = 544 9 kN
Moment about major axis M* = 171 kNm
Moment about minor axis M* .= -10.8 kNm
Critical perimeter at, 0.5 x effectivedepth
Effective depth to tension reinforcement d_=214.0mm
Equivalent critical shear perimeter breadth B, semm= 664.0Mm
Equivalent critical shear perimeter depth D.euiperm= 664.0mm
Critical shear perimeter u= 2403.2 mm
Ratio of longer side to shorter side of column B, = 1.000
Concrete compressive strength f' = 32.000 N/mm’
Concrete shear strength f,=MIN[0.17x{1+2/pB,), 0.34] x E: 1.9 N/mm’
Ultimate shear strength of slab with no moment transfer V.=uxd, xf_=989.2kN AS3600-2018 Clause 9.3.3(a)
Dimensionof critical shear perimeter measuredparallel tom* . A= 664.0 MM
Dimensionof critical shear perimetermeasuredparallel toM*, .. a....= 664.0mm
Ultimate shear strength of slab modified for moment transfer in major diredtion V, .. =V, /(1 +ux [M* ___| /(8 x |V*,.| xa_,..xd..))= 927.7 kN AS 3600-2018 Clause 9.3.4(a)
Ultimate shear strength of slab modified for moment transfer in minor diredtion WV, ...=V.. /(1 +ux |M* ___| /(8% |Vv*,.] ¥ a,...xd..))= 949.5 kN AS 3600-2018 Clause 9.3.4(a)
Effective ultimate shear strength of slab modified for momert transfer Vo= MINIV, naae s Vo mina ] = 927.7 kN
Capacity reduction factor for shear ¢=0.700 AS3600-2018 Table 2.2.2(e)
/\ Design shear strength of slab 6V, = 649.4 kN AS 3600-2018 Clause 9.3.2
V* S xV,
v Pass
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Typical Edge Location

1-C4-PC3 results (AS:3600, 2018)

i'"% Summary
-}-w/¢ FE Chase Down
+s 1Cb;-1.26+1.5Q+1.5Qr

1=

v 2 Che-GuQ+uQr

B Critical Shear Perimeter 1

+FE Chase Down - 1 Cb,-1.2G+1.5Q+1.5Qr - Critical Shear Perimeter 1
Design shear force

Loads applied within perimeter

Slab self weight

Support reaction

Total adjustment

Adjusted perimeter shear force

Moment about major axs

Moment about minor axis

Critical perimeterat, 0.5 x effectivedepth
Effective depth to tension reinforcement

Equivalent critical shear perimeter breacth

Equivalent critical shear perimeter depth

Critical shear perimeter

Ratio of longer side to shorter side of column

Concrete compressive strength

Concrete shear strength

Ultimate shear strength of slab with no moment transfer
Dimensionof critical shear perimetermeasuredparallel toM*_....
Dimensionof critical shear perimeter measuredparallel toM*,___.

V*= 2301 kN

L=2.0kN

5,.=28kN

R=0.0 kN
AV*=L+5,,.+R=4.8kN
V* =V AVF = 2253 kN

M“"_m,= -101.1 kiNm
M*, o= -2.3 kNm
d_=214.0mm
Bc:u'wﬂfin= 664.0 mm
Deqw”m= 557.0 mm
u= 1778.0 mm

B.= 1.000

= 32.000 N/mm’
f,=MIN[0.17 x (1+2/B,), 0.38] x yf,= 1.9 N/mm’

We.=uxd,, xf, = 731.8 kN AS 3600-2018 Clause 9.3.3(a)

Apge, = 357.0mm

a....= 664.0 mm

Ultimate shear strength of slab modified for moment transfer in major direction V, .., =V, /(1 +usx [M* | /(8% |V* .| ¥ 3., xd..))= 3985 kN AS 3600-2018 Clause 9.3.4(a)
Ultimate shear strength of slab modified for moment transfer in minar diredtion V, .. =V, /(1 +ux [M* ___| /(8 x |v*..| xa_...xd..))= 720.3 kN AS 3600-2018 Clause 9.3.4(a)
Effective ultimate shear strength of slab modified for moment transfer V= MIN[V, ger s Vo i ] = 3985 kN
Capacity reduction factor for shear &= 0.700 AS 3600-2018 Table 2.2.2(e)

/. Design shear strength of slab b xV,=278.9 kN AS 3600-2018 Clause 9.3.2

V‘u-ég ¢ XV‘,
" Pass
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Typical Corner Location

1-C24-PC2 results (AS:3600, 2018)

[ -EX summary ¢FE Chase Down - 1 Cb,-1.2G+1.5Q+1.5Qr - Critical Shear Perimeter 1
E--w¢ FE Chase Down Design shear foroe V*=110.4 kN
¢ 1Cb:-1.2G+1.5Q+1.5Qr Loads applied within perimeter L=1.7kN
Ska] Critical Shear Perimeter 1 Slab self weight S,..=23 kN
v 2 Chy-GHycQ+y Qr -
Support reaction R=0.0 kN
", Total adjustment Av*=L+S,  +R=4.0kN
Adjusted perimeter shear foree V¥ =V - AVT = 106.4 kN
Moment about major axis M, o= 59.5 kNm
Moment about minor axis M* .= -58.8 kiNm
Critical perimeter at, 0.5 x effectivedepth
Effective depth to tension reinforcement d,.=2140mm
Equivalent critical shear perimeter breacth Beciivserm= 397.0mm
Equivalent critical shear perimeter depth D.ivisenn= 957.0 mm
Critical shear perimeter u= 1114.0 mm
Ratio of longer side to shorter side of column B. = 1.000
Concrete compressive strength f' = 32.000 N/mm®
Concrete shear strength fo,=MIN[0.17 x(1+ 2 /B.), 0.34] VE= 1.9 N/mm’
Ultimate shear strength of slab with no momert transfer V.=uxd, xf_ = 4585kN AS 3600-2018 Clause 9.3.3(a)
Dimensionof critical shear perimeter measuredparallel toM* ... 8y = 957.0 mm
Dimensionof critical shear perimeter measuredparallel toM*, ., Apne.= 957.0mm
Ultimate shear strength of slab modified for moment transfer in major direction V, ... =V, /(1+ux [M* | /(8 x |[V* .| xa,,.. xd..))= 277.4 KN AS 3600-2018 Clause 9.3.4(a)
Ultimate shear strength of slab modified for moment transfer in minor direction W, ...=V.. /(1 +ux |M*____| /(8 |V*..| ¥ a....xd..))= 278.6 kN AS 3600-2018 Clause 9.3.4(a)
Effective ultimate shear strength of slab modified for moment transfer VL= MIN[V, aer ) Vominee ] = 277.4 kKN
Capacity reduction factor for shear &= 0.700 AS 3600-2018 Table 2,2.2(e)
/\, Design shear strength of slab o xV, = 194.2 kN AS 3600-2018 Clause 9.3.2
V*NGS ¢ X VU
+ Pass
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3.5 Summary

Chapter 3 presented the methodology for the second project aim as well as the results
obtained from the detailed analyses. The results of this chapter will be presented and
discussed in Chapter 4 which continues on from Chapter 3.
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Chapter 4: Research Results &
Discussions

4.1 Introduction

The aim of Chapter 4 is to be present and discuss the results that were obtained from the
hand calculation and software analyses in Chapter 3. The results from Chapter 3 are collated,
summarised and discussed in this chapter.

The chapter is divided into three sections: the results, the discussions and the summary of the
chapter.

4.2 Results

As discussed in Section 3.4 of Chapter 3, the software analysis was undertaken primarily to
validate and correlate the results of the hand calculation analysis. The point being that by
analysing each of the three typical locations by the two different methods the margin of error
is minimised if both sets of analyses give similar results.

Therefore, Error! Reference source not found. is included on the following page to present
both sets of utilisation ratio results for each location according to each code. The percentage
difference between each pair of utilisation ratios is also included in the table.
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Table 4: Hand Calculation vs Software Analysis Results

ACI 318 EC2 AS 3600
) @ % difference @ % difference @ % difference
Column Location Hand (b) between hand Hand (b) between Hand Hand (b) between hand
Calculation U/R TSD U/R calculation and Calculation U/R TSD U/R calculation and Calculation U/R TSD U/R calculation and
TSD U/Rs TSD U/Rs TSD U/Rs
Typical Internal 0.906 0.936 3% 1.176 1.244 6% 0.812 0.839 3%
location
Typical Edge 0.565 0.455 -22% 1.095 1.019 % 0.739 0.808 9%
location
Typical Corner 0.450 0.335 -29% 1.002 0.865 -15% 0.642 0.548 -16%

location

* The percentage difference was calculated as 100%* (a-b)/((a+b)/2)
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The results presented in Table 4 are presented in the graphs below to highlight the differences
observed between the utilisation ratios.

ACI| 318

Typical Internal location Typical Edge location Typical Corner location

0000000
N W R N @ ©

Utilisation Ratios

o
QO -

mHand Calculation UR ®mTSD U/R

Figure 26: Variances between the hand calculation and TSD URs - ACI 318

Eurocode 2

Typical Internal location Typical Edge location Typical Corner location

Utilisation ratios
o o o o - -
N H »n [e:] - N H

o

mHand Calculation U/R mTSD U/R

Figure 27: Variances between the hand calculation and TSD URs - EC2
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AS 3600

Typical Internal location Typical Edge location Typical Corner location

Utilisation Ratios
o o - =
D o - N IS

o o
ST 'S

mHand Calculation U/R mTSD U/R

Figure 28: Variances between the hand calculation and TSD URs — AS 3600

From these results, it can be observed that the utilisation ratios between the two sets of
analyses are relatively similar with the largest difference being observed for the typical corner
column location according to ACI 318. These differences, among other reasons, can be
attributed to the fact that the unbalanced moments determined in the hand calculations are
based on the simplified methods presented in the codes rather than an exact determination of
the moments as the software analysis would carry it out.

4.2.1 Code Comparisons

In this section the utilisation ratios from the three codes based on the two sets of analyses will
be interrogated in order to rate the efficiencies of the codes.

Comparisons of the hand calculation utilisation ratio results are presented in Table 5 and

Code Comparison of punching shear utilisation ratios

Typical Corner location

Typical Edge location

Typical Internal location

0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400
Utilisation Ratios

ACI 318 mAS 3600 mEC2

Figure 29 below:
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Table 5: Hand Calculation Utilisation Ratios

Utilisation Ratios
Code Typical Typical Typical
Internal Edge Corner
location location location
ACI 318 0.906 0.565 0.450
EC2 1.176 1.095 1.002
AS 3600 0.812 0.739 0.642

Code Comparison of punching shear utilisation ratios

Typical Corner location

Typical Edge location

Typical Internal location

0.000 0.200 0.400 0.600 0.800

Utilisation Ratios

1.000 1.200 1.400

ACI 318 mAS 3600 mEC2

Figure 29: Code Comparison of punching shear utilisation ratios — Hand calculation
analysis

Comparisons of the software analysis utilisation ratio results are included in Table 6 and Figure
30 below:

Table 6: TSD Utilisation Ratios

Utilisation Ratios
Code Typical Typical Typical
Internal Edge Corner
location location location
ACI 318 0.936 0.455 0.335
EC2 1.244 1.019 0.865
AS 3600 0.839 0.808 0.548




Code Comparison of punching shear utilisation ratios

Typical Corner location

Typical Edge location

Typical Internal location

i

0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400

Utilisation Ratios

AS 3600 mEC2 mACI 318

Figure 30: Code Comparison of punching shear utilisation ratios — TSD analysis

4.3 Discussion

According to the provisions on EN 1992, insufficient punching shear resistance is observed
at each of the three slab locations considered. A redesign of these locations would be required
in order to comply with the requirements of the code. These locations can be redesigned by
incorporating a higher class of concrete, by providing drop head panel at each column location
to increase the effective slab depth or by including punching shear reinforcement.

One reason for the conservatism observed in EN 1992 can be attributed to the the ultimate
limit state (ULS) load factors prescribed by the code. The ULS factors for EN 1992 are
1.35DL+1.5LL, while the factors for AS 3600 and ACI 318 are 1.2DL+1.5LL and 1.2DL+1.6LL
respectively. These factors are based on statistical analyses and research to minimise the
probability of structural failure and instability.

An additional check was carried out to determine the differences in the utilisation ratios when
the ULS factors are standardised across the codes and set to 1.0DL +1.0LL. The results for
the standardised hand calculation analysis are presented below:

Table 7: Hand Calculation Utilisation Ratios without ULS factors

Utilisation Ratios
Code Typical Typical Typical
Internal Edge Corner
location location location
EC2 0.852 0.794 0.727
AS 3600 0.645 0.587 0.510
ACI 318 0.708 0.455 0.335
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Code Comparison of punching shear utilisation ratios

Typical Corner location

Typical Edge location

Typical Internal location

0.000 0.100 0.200 0.300 0400 0500 0.600 0.700 0.800 0.900
Utilisation Ratios

ACI 318 mAS 3600 mEC2

Figure 31: Code Comparison of punching shear utilisation ratios — Hand calculation
analysis without ULS factors

With the inclusion of standardised ULS factors, EN 1992 remains the conservative code
however it can be observed that the margin of difference between the utilisation ratios between
the codes decreases. Therefore, the conservatism observed for EN 1992 can be partially
attributed to the higher dead load ULS factor. However even when this variable is removed,
the code provisions for EN 1992 remain more conservative than those of ACI 318 and AS
3600.

It was observed that, in general, ACI 318 provided the lowest utilisation ratios for the locations
and is therefore rated to be the most efficient code for punching shear design. The results
observed for AS 3600 are similar to those observed for ACI 318.

4.4 Summary

Chapter 4 presented the findings from Chapter 3 and continued on from Chapter 3 in
addressing the second project aim. The conclusions from this chapter and the prior ones will
be presented in Chapter 5.
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Chapter 5: Conclusions and
recommendations

5.1 Introduction

Chapter 5 concludes the research project and summarises the findings and discussions from
Chapters 2 to 4.

The chapter is divided into two sections, the project conclusions and the recommendations for
further work.

5.2 Conclusions

The aims of the project were to identify and clarify the differences between the three design
codes and to rate their cost effectiveness.

The first aim was achieved through the literature review in Chapter 2, where a review of the
existing literature was carried out. The focus of the review was on the three codes being
considered. From the literature review it was found that the punching shear code provisions
of all three codes are based on the shear stress method. The punching shear code provisions
of ACI 318 and AS 3600 were found to be similar in their approach and execution, while the
code provisions of EN 1992 differed from those of the other two codes.

200x200 SLAB

OPENING
450x450 REINFORCED EUROCODE 2 -
CONCRETE COLUMN REDUCTION IN BASIC
L CONTROL PERIMETER
/ \
( J-\ AS 3600 AND ACI 318
y |/ |« REDUCTION IN CRITICAL
o SHEAR PERIMETER
AS 3600 AND ACI 318
| -—f— CRITICAL SHEAR
\ | PERIMETER, u and bo
ian el \ EUROCODE 2 - BASIC
'250 THICK SLAB- 1 CONTROL PERIMETER, u1

Figure 32: Critical shear perimeters for EC2 and AS 3600/ACI 318

The second project aim was researched through the analyses detailed in Chapter 3 and the
corresponding findings presented in Chapter 4. EN 1992 was found to be the most
conservative code where the typical locations considered required a redesign in order to meet
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the requirements of the code. ACI 318 was determined to be the most cost-effective code, with
lower utilisation ratios observed from this code for both the typical corner and edge locations.
The efficiency of AS 3600 was similar to that of ACI 318.

Comparing the results of this project to the existing literature is challenging because the
existing comparative studies do not focus on utilisation ratios. However as discussed in
Chapter 2, Lourenco et al (2021) conducted a study to investigate the effect of the location of
openings in relation to column positions and compared these values to the values predicted
by four codes, namely ACI 318-19, EN 1992, fib Model Code 2010 (MC2010) and NBR 6118.
ACI was found to be more conservative with a 16% average value higher than EN 1992.
However, it should be noted that the ultimate limit state (ULS) load factors were not
incorporated in this study and the study was focused on the effect of opening sizes rather than
comparing utilisation ratios.

A study by Al-Rousan and Alnemrawi (2023), considered twenty-one models using NLFEA to
assess the effect of opening sizes and locations. The code provisions of ACI 318-2019, EN
1992 and fib Model Code 2010 were compared to each other where it was observed that the
ACI 318 and MC2010 have a close prediction in most cases to the results derived from the
NLFEA analyses. Furthermore, the ACI 318 provisions were found to be the most accurate
from among the tested codes.

It should be noted that the conclusions from the research project are based on the punching
shear code provisions and calculations only and limited to only the specific scenario studied
for this project.

5.3 Further Work

There is room for further work and expansion of this research topic. Further research may
address some of the limitations addressed for this project which primarily includes researching
the effect that the inclusion of punching shear reinforcement will have on the results.

In addition, further work can be done to understand the embedded conservatisms of the
punching shear code provisions of EN 1992 which were not addressed by this project.

Once the new EN 1992 code is published in 2026, further work can be done to compare its
efficiency to ACI 318 and AS 3600 as it will incorporate critical shear crack theory for its
punching shear code provisions.
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