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Chapter 1
Introduction

ETABS automates several slab and mat design tasks. Specifically, it integrates
slab design moments across design strips and designs the required reinforce-
ment; it checks slab punching shear around column supports and concentrated
loads; and it designs shear link and shear stud if needed. The actual design algo-
rithms vary based on the specific design code chosen by the user. This manual
describes the algorithms used for the various codes.

It should be noted that the design of reinforced concrete slabs is a complex sub-
ject and the design codes cover many aspects of this process. ETABS is a tool to
help the user in this process. Only the aspects of design documented in this man-
ual are automated by ETABS design capabilities. The user must check the results
produced and address other aspects not covered by ETABS.

1.1 Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method. As an alternative to this strip based method, ETABS also offers a FEM

1-1
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based design, which is useful for irregular slabs where strip based techniques
may not be appropriate.

1.2 Design Strips

ETABS provides two principal strip layers used for design, namely Layer A de-
sign strips and Layer B design strips. The strips are defined as polylines with
associated widths that can vary along the length of the strip.

The strips need not be mutually perpendicular. The extent of the design strips is
defined by the edges of the area objects defining the slab, and strips can overlap
if needed. The location of the design strips is usually governed by the support or
grid locations. Design strips may be defined as either Column Strips or Middle
Strips — models with post-tensioning typically have column strips only.

1.3 Integration of Moments — Wood-Armer

Use of the Wood-Armer method for the integration of design moments results in
the following steps:

For a particular combination or load case, for each finite element within the de-
sign strip, ETABS calculates the design moments per unit width using the inter-
nal forces. Internal forces are converted to design moments per unit width in the
following manner:

Mg = Mg + |Myg|
Mgy = My +|Myg
Mg = Mg +|Myg|
Mg =My +|Myg]

where ma, mg, and mag are internal moments per unit width, and mpa and mpg are
design moments per unit width for the bottom of the slab in the A and B direc-
tions, respectively, and mpand me are the design moments for the top of the slab
in the A and B directions, respectively. Design moments may be factored com-
binations for strength design, or unfactored moments for service load checks



Required Reinforcement — Strip Based

when post-tensioning is present. The design moments calculated using the
Wood-Armer integration will most likely not completely satisfy equilibrium of
the applied loads, but for a mesh that accurately captures the overall behavior of
the slab, this integration scheme provides a good design. This is the case because
the Wood-Armer integration scheme effectively calculates design moments
when cracking occurs diagonally to the design strip directions.

1.4 Required Reinforcement — Strip Based

The design of the mild reinforcement for slabs is carried out for a particular strip
at each transverse mesh line location along the length of the strip. The moments
are integrated across all elements of like property in the strip to determine the
factored design moments. The required reinforcement for slabs is computed for
each set of elements with the same property type, and then summed to give the
total required reinforcement for the strip. The maximum required top and bottom
strip reinforcement for a particular mesh line is obtained, along with the corre-
sponding controlling combinations.

As an option, minimum reinforcement requirements may be enforced in accord-
ance with the selected design code.

1.5 Required Reinforcement — FEM Based

The FEM Based design determines the required reinforcement on an element-
by-element basis and is therefore independent of design strips. Several options
are available for refining the display of the required reinforcement, including
averaging, which will flatten peaks and provide an averaged required reinforce-
ment over a particular area of the slab.

1.6 Slab Punching Shear Check

The distribution of stresses close to concentrated loads or reaction points in re-
inforced and prestressed concrete slabs is quite complex. Punching shear is one
particular failure mode recognized by design codes for which an elastic plate
bending analysis may not provide adequate stress distribution. Most codes use
empirical methods based on experimental verification to check against punching
shear failures. ETABS automates this check for common geometries. If the

Required Reinforcement — Strip Based 1-3
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check results in a punching shear ratio greater than unity (i.e., punching failure),
ETABS will design punching shear reinforcement. The ETABS procedure for
the punching shear check carried out for each column, for each design combina-
tion is as follows:

Locate the critical section around the column or point load. ETABS reports
whether it assumed the column to be an interior, edge, or corner column. This
determination is based on whether the slab is present within 10 times the slab
thickness along the column edges. A column is classified as a corner column
when two slab edges are found within 10 times the slab thickness. A column
with only one slab edge within 10 times the slab thickness is classified as an edge
column, and a column is classified as interior when no slab edges are found
within 10 times the slab thickness. For single footings, this determination is
based on the minimum area of the critical section.

Check that each slab element in the area enclosed between the face of the column
and the critical section for punching shear has the same slab property label. If
this is not the case, the minimum slab thickness within the punching shear pe-
rimeter is used.

Use the net shear to check punching shear if a point load or column (call it
load/column A) is within the critical section for punching shear for another point
load or column (call it load/column B).

Calculate punching shear based on net forces in the slab when line objects
(beams, walls, or releases) frame into a column.

Calculate the reactive force and moments at the column for the combination. The
shear and moment values used in the punching shear check are reduced by the
load (or reaction) that is included within the boundaries of the punching shear
critical section.

Calculate the distribution of shear stress around the critical section.
Obtain the shear capacity of the critical section.

Compare the shear stress distribution with the shear capacity. The comparison
is reported as a ratio for the worst combination. A value above 1.0 indicates fail-
ure.



ETABS designs rebar ties or stud rails when such options are activated in the
punching shear design overwrites. The details of rebar ties or stud rails are doc-
umented in the Reinforced Concrete Design Manual and the Post-Tensioned
Concrete Design Manual.

Design overwrites are available to modify the location type, punching shear pe-
rimeter, openings in the slab, and reinforcement pattern, when the punching
shear parameters computed need to be changed.

For computing the punching parameters, the following assumptions are used:

Punching shear is calculated for columns punching through a slab or a drop
panel. ETABS also checks the drop panel punching through a slab. The effect of
column capitals is included in the punching shear calculation.

ETABS uses the effective depth for computing the punching shear. The concrete
cover to rebar is taken from the design preferences unless a design strip is pre-
sent. In that case, the rebar cover is taken from the design strip.

Openings within 10 times the slab thickness are automatically included in the
punching shear calculations. The slab edge within the punching zone radius is
subtracted from the punching shear perimeter.

Ineffective Opening
Yok [ [ S i
[ | '5._',.: i | BT
i 5 ,_ i, i ‘-.'Yi?} :
— | S ) @
\" Critical *
section
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Chapter 2
Design for ACI 318-14

This chapter describes in detail the various aspects of the concrete slab design
procedure that is used by ETABS when the American code ACI 318-14 [ACI
2014] is selected. Various notations used in this chapter are listed in Table 2-1.
For referencing to the pertinent sections or equations of the ACI code in this
chapter, a prefix “ACI” followed by the section or equation number is used
herein.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on inch-pound-second units. For simplicity, all equations and descriptions
presented in this chapter correspond to inch-pound-second units unless otherwise
noted.

2.1 Notations

Notations

Table 2-1 List of Symbols Used in the ACI 318-14 Code

Acp Area enclosed by the outside perimeter of the section, sg-in

Aq Gross area of concrete, sg-in

2-1
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Table 2-1 List of Symbols Used in the ACI 318-14 Code

A Area of longitudinal reinforcement for torsion, sg-in

Ao Area enclosed by the shear flow path, sg-in

Ach Area enclosed by the centerline of the outermost closed transverse
torsional reinforcement, sg-in

As Area of tension reinforcement, sg-in

A's Area of compression reinforcement, sg-in

Acls Area of closed shear reinforcement per unit length of member for
torsion, sg-in/in

Ay Area of shear reinforcement, sg-in

Als Avrea of shear reinforcement per unit length, sg-in/in

a Depth of compression block, in

Amax Maximum allowed depth of compression block, in

b Width of section, in

by Effective width of flange (flanged section), in

bo Perimeter of the punching shear critical section, in

bw Width of web (flanged section), in

by Width of the punching shear critical section in the direction of
bending, in

b, Width of the punching shear critical section perpendicular to the di-
rection of bending, in

c Depth to neutral axis, in

d Distance from compression face to tension reinforcement, in

d Distance from compression face to compression reinforcement, in

E. Modulus of elasticity of concrete, psi

Es Modulus of elasticity of reinforcement, psi

f'e Specified compressive strength of concrete, psi

2-2 Notations
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Table 2-1 List of Symbols Used in the ACI 318-14 Code

f's

Py
Pep
Pn

Vmax
Vs
Vu

e

i

&

& max

Stress in the compression reinforcement, psi
Specified yield strength of flexural reinforcement, psi
Specified yield strength of shear reinforcement, psi
Overall depth of a section, in

Height of the flange, in

Factored moment at a section, Ib-in

Factored axial load at a section occurring simultaneously with V, or
Ty, Ib

Factored axial load at a section, Ib
Outside perimeter of concrete cross-section, in

Perimeter of centerline of outermost closed transverse torsional
reinforcement, in

Spacing of shear reinforcement along the strip, in

Critical torsion capacity, Ib-in

Factored torsional moment at a section, Ib-in

Shear force resisted by concrete, Ib

Maximum permitted total factored shear force at a section, Ib
Shear force resisted by transverse reinforcement, Ib

Factored shear force at a section, Ib

Punching shear scale factor based on column location

Ratio of the maximum to the minimum dimensions of the punching
shear critical section

Factor for obtaining depth of the concrete compression block
Strain in the concrete

Maximum usable compression strain allowed in the extreme
concrete fiber, (0.003 in/in)

Notations 2-3
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Table 2-1 List of Symbols Used in the ACI 318-14 Code

&s

Strain in the reinforcement

Es,min Minimum tensile strain allowed in the reinforcement at nominal

strength for tension controlled behavior (0.005 in/in)

Strength reduction factor

Fraction of unbalanced moment transferred by flexure

Fraction of unbalanced moment transferred by eccentricity of shear
Shear strength reduction factor for light-weight concrete

Angle of compression diagonals, degrees

2.2 Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For ACI 318-14, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (ACI 5.3.1):

1.4D (ACI Eqn. 5.3.1a)
1.2D +1.6L + 0.5L, (ACI Egn.5.3.1b)
1.2D + 1.0L + 1.6L, (ACI Egn.5.3.1¢c)
1.2D + 1.6(0.75 PL) + 0.5L, (ACI Eqn.5.3.1b, 6.4)
1.2D + 1.6L + 0.5S (ACI Eqn.5.3.1b)
1.2D +1.0L +1.6S (ACI Egn.5.3.1¢)
0.9D + 1.0W (ACI Eqn.5.3.1f)
1.2D + 1.0L + 0.5L, + 1.0W (ACI Eqn.5.3.1d)
1.2D + 1.6L + 0.5W (ACI Eqn.5.3.1c)
1.2D + 1.6S + 0.5W (ACI Eqn.5.3.1c)
1.2D+ 1.0L +0.5S + 1.0W (ACI Egn.5.3.1d)

2-4  Design Load Combinations
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0.9D + 1.0E (ACI Eqn.5.3.1g)
1.2D + 1.0L + 0.2S + 1.0E (ACI Eqn.5.3.1¢)

These are the default design load combinations in ETABS whenever the ACI
318-14 code is used. The user should use other appropriate load combinations if
roof live load is treated separately, or if other types of loads are present.

2.3 Limits on Material Strength

The concrete compressive strength, f, should not be less than 2,500 psi (ACI

19.2.1, Table 19.2.1.1). The upper limit of the reinforcement yield strength, fy, is
taken as 80 ksi (ACI 20.2.2.4a, Table 20.2.2.4a) and the upper limit of the rein-
forcement shear strength, fy,, is taken as 60 ksi (ACI 21.2.2.4a, Table 21.2.2.4a).

If the input f. is less than 2,500 psi, ETABS continues to design the members
based on the input f. and does not warn the user about the violation of the code.
The user is responsible for ensuring that the minimum strength is satisfied.

2.4  Strength Reduction Factors

The strength reduction factors, ¢, are applied to the specified strength to obtain
the design strength provided by a member. The ¢ factors for flexure, shear, and
torsion are as follows:

¢=0.90 for flexure (tension controlled) (ACI21.2.1, Table 21.2.1)
¢=0.75 for shear and torsion (ACI 21.2.1, Table 21.2.1)

These values can be overwritten; however, caution is advised.

2.5 Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-

Limits on Material Strength  2-5
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ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

2.5.1 Design Flexural Reinforcement

2-

6

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom of
the slab within each design strip, along with the corresponding controlling load
combination, is obtained and reported.

25.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

Slab Design
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The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

25.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete. Note that the flexural reinforcement strength, fy, is limited to 80 ksi
(ACI 20.2.2.4a), even if the material property is defined using a higher value.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 2-1 (ACI 22.2.2). Furthermore, it is assumed that the net tensile
strain in the reinforcement shall not be less than 0.005 (tension controlled) (ACI
21.2.2, Table 21.2.2) when the concrete in compression reaches its assumed
strain limit of 0.003. When the applied moment exceeds the moment capacity at
this design condition, the area of compression reinforcement is calculated as-
suming that the additional moment will be carried by compression reinforcement
and additional tension reinforcement.

The design procedure used by ETABS, for both rectangular and flanged sections
(L-and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (O.lngg) (ACI 9.5.2.1), axial force is ignored; hence, all slab are de-

signed for major direction flexure, shear, and punching check only. Axial com-
pression greater than (0.1ngg) and axial tensions are always included in flex-

ural and shear design.

Slab Design  2-7
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25.1.2.1  Design of uniform thickness slab

In designing for a factored negative or positive moment, M, (i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 2-1), where,

2M

a=d—_|d? —ﬁ (ACI122.2.2)
0.85f' @b

and the value of ¢ is taken as that for a tension-controlled section, which by

default is 0.90 (ACI 9.3.2.1) in the preceding and the following equations.

The maximum depth of the compression zone, Cmax, IS calculated based on the
limitation that the tension reinforcement strain shall not be less than gmin, Which
is equal to 0.005 for tension controlled behavior (ACI 21.2.2, Table 21.2.2):

Ca = ——ST%__g (AC122.2.1.2)

Eemax + Esmin

£ =0.003 0.85f;

L

-~ b — >

>
o p |4
A
0
—

a=pc

o

d
® ° L, >
4 T T
j .<—+ Es s cs
A
(I) BEAM (II) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 2-1 Uniform Thickness Slab Design
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where,
Ecmax — 0.003 (AC| 2122, Flg R212)
&min = 0.005 (ACI 21.2.2, Fig R21.2.26)

The maximum allowable depth of the rectangular compression block, amax, is
given by:

Amax =ﬂ1Cmax (AC| 222241)

where £ is calculated as:

0.65</ <085 (ACI22.2.2.4.3)

B, =o.85—o.05(ﬂj,

1000

» |f a < amax (ACI 10.3.4), the area of tension reinforcement is then given by:

A=
“v[d‘z)

This reinforcement is to be placed at the bottom if M, is positive, or at the top
if My is negative.

= If & > amax, cOmpression reinforcement is required (ACI 9.3.3.1, 21.2.2, Fig
21.2.26, 22.2.2.4.1) and is calculated as follows:

— The compressive force developed in the concrete alone is given by:

C=0.85f"ba,, (AC122.2.2.4.1)

and the moment resisted by concrete compression and tension reinforcement
is:

a
M, =¢C|d—-—2
" M 2]

— Therefore the moment required to be resisted by compression reinforcement
and tension reinforcement is:
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Muys = My — My
— The required compression reinforcement is given by:

M
A = 45 , Where

T g(f'—085f")(d—d")

S s cmax
m

c_.—d'
f'.=E.¢ [L}S fy (AClI 9.212, 9521, 20.2.2,
C ax

22.2.1.2)

— The required tension reinforcement for balancing the compression in the
concrete is:

M

uc

A= —
amax

and the tension reinforcement for balancing the compression reinforcement
is given by:

M

AIACEY

Therefore, the total tension reinforcement is As = As1 + As2, and the total com-
pression reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top if My is positive, and vice versa if My is negative.

25.1.2.2  Design of nonuniform thickness slab

In designing a nonuniform thickness slab, a simplified stress block, as shown in
Figure 2-2, is assumed if the flange is under compression, i.e., if the moment is
positive. If the moment is negative, the flange comes under tension, and the
flange is ignored. In that case, a simplified stress block similar to that shown in
Figure 2-1 is assumed on the compression side.
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A

b h ¢=0.003 0.85f! 0.85f!
f r f — *———*»
v <
{ d| f. C, )
A~ t : ¢,
C
d \
"__C,
) il ' > > >
Fﬂ* &s TS Tw Tf
b
() BEAM (Il) STRAIN (In) STRESS
SECTION DIAGRAM DIAGRAM

Figure 2-2 Nonuniform Thickness Slab Design

2.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M, (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

2.5.1.2.2.2 Flanged Slab Section Under Positive Moment
If My > 0, the depth of the compression block is given by:

a:d_\/dz_()852f¢¢b (ACI 22.2)
' c f

where, the value of ¢ is taken as that for a tension-controlled section, which by
default is 0.90 (ACI 21.2.1, 21.2.2, Table 21.2.1, Table 21.2.2) in the preceding
and the following equations.

The maximum depth of the compression zone, Cmax, IS calculated based on the
limitation that the tension reinforcement strain shall not be less than gmin, Which
is equal to 0.005 for tension controlled behavior (ACI 9.3.3.1, 21.2.2, Fig
21.2.26):
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C =—comx (ACI 22.2.1.2)
gcmax +gsmin

where,

&max = 0.003 (ACI 21.2.2, Fig 21.2.26)

&min = 0.005 (ACI 21.2.2, Fig 21.2.26)
The maximum allowable depth of the rectangular compression block, amax, is
given by:

Aoy = BiCrax (ACI22.2.2.4.11)

where £ is calculated as:

0.65< 4 <0.85 (ACI22.2.2.4.3)

B = 0.85—0.05(ﬂ],

1000

= If a < hy, the subsequent calculations for As are exactly the same as previously
defined for the rectangular uniform slab design. However, in this case, the
width of the slab is taken as br. Compression reinforcement is required if a >

Amax.

= |f a > hy, the calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, Cy, as shown in Figure 2-2. Cs is given by:

C, =0.85f" (b, b, Jmin(h, ,a,,,) (ACI 22.2.2.4.1)

C
Therefore, A, = f—f and the portion of M, that is resisted by the flange is

given by:

ML - gC, [d ) min (h, ,amaX)J

2

Again, the value for ¢is 0.90 by default. Therefore, the balance of the moment,
My, to be carried by the web is:
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Muw = My — Myt

The web is a rectangular section with dimensions by and d, for which the de-
sign depth of the compression block is recalculated as:

a,=d- dZ—ZM—uvv (ACI 22.2)
0.85f"_ ¢h,

» If a1 < amax (ACI 9.3.3.1, 21.2.2), the area of tension reinforcement is then
given by:

A, :—M“W a ,and
onfo-3)
As=Ag + A

This reinforcement is to be placed at the bottom of the flanged slab section.

» If a1 > amax, COMpression reinforcement is required (ACI 9.3.3.1, 21.2.2, Fig
21.2.2h, 22.2.2.4.1) and is calculated as follows:

— The compressive force in the web concrete alone is given by:

C,=0.85f"ha (ACI22.2.2.4.1)

C TwTmax

Therefore the moment resisted by the concrete web and tension reinforce-
ment is:

a
M. =C. | d_Zmax
uc W[ 2 j¢

and the moment resisted by compression and tension reinforcement is:
Mus = Muw — Myc
Therefore, the compression reinforcement is computed as:

MUS
(f.-0.85f;)(d-d")¢

, where

A =
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’

Crax —d

fl = Esgcma{ }s f, (ACI9.2.12,9521,2022,22212)

max

The tension reinforcement for balancing compression in the web concrete is:

A, :—MUC
a
£ | d = Gmax
1o )
and the tension reinforcement for balancing the compression reinforcement
is:
M
As = T
fy(d —d )¢

The total tension reinforcement is As = As1 + As2 + Asz, and the total compres-
sion reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top.

25.1.3  Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (AC17.6.1.1, 8.6.1.1):

As,min = 0.0020 bh for f, < 60 ksi (ACI Table 7.6.1.1, Table 8.6.1.1)

As,min = 0.0018 bh for f, = 60 ksi (ACI Table 7.6.1.1, Table 8.6.1.1)

Asmin = 0'0018: 60000 1 tort, > 60 ksi(ACI Table 7611, Table
y

8.6.1.1)

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area.

2.5.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
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for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, V..
= Determine the shear force, V, that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

25.2.1 Determine Factored Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

2.5.2.2 Determine Concrete Shear Capacity
The shear force carried by the concrete, V, is calculated as:

V., =24,/f'.b,d (AC1225.5.1)
A limit is imposed on the value of ,/f', as f ',< 100 (ACl1225.3.1)

The value of A should be specified in the material property definition.
2.5.2.3 Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vi =Ve + (8" )bwd (ACI 22.5.1.2)

Given Vy, V¢, and Vmax, the required shear reinforcement is calculated as follows
where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3). The flexural rein-
forcement strength, fyt, is limited to 60 ksi (ACI 11.5.2) even if the material prop-
erty is defined with a higher value.
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= IfV, <4V,
Ao (AC19.6.3.1)
S

" If ¢\/C <VU S¢Vmaxv

V, —gV

A = M (ACl1225.1.1,22.5.10.1, 20.5.10.5.3)
S ¢ f,d

» If V> ¢Vmax, a failure condition is declared. (ACI225.1.2)

If Vi, exceeds the maximum permitted value of ¢Vmax, the concrete section should
be increased in size (ACI 22.5.1.2).

The minimum shear reinforcement given by ACI 9.6.3.3.

0.75,/f "
A S max [f— b,, 50wa (ACI 9.6.3.3, Table 9.6.3.3)
yt

S fy1

The maximum of all of the calculated A/s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

2.5.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

2.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (ACI 22.6.4.2). For rectangular columns and concentrated
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loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (ACI 22.6.4.3). Figure 2-3 shows the auto
punching perimeters considered by ETABS for the various column shapes. The
column location (i.e., interior, edge or corner) and the punching
perimeter may be overwritten using the Punching Check Overwrites.

Interior Column Edge Column Edge Column
TN T -
//’—\\\ d/2 /\ \ |
s N d/2 v Z \\\ : ~d/2
/ \
Il @V\) I/ ) | \I
\ [} | | | |
\ / ' [ ' I
\\ / : |' I I
\\\___,// |_ _____________ | !_ __________ :
Circular Column T-Shape Column L-Shape Column

Figure 2-3 Punching Shear Perimeters

2.5.3.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be y Ms.
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be % M.

2 (ACI 8.4.2.3)

1
"1+ (2/3)b, b,

w=l-n (ACI 8.4.4.2.2)
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For reinforced concrete slabs, »: is permitted to increase to the maximum mod-
ified values provided in ACI Table 8.4.2.3.4 provided that the limitations on vyg
and & given in ACI Table 8.4.2.3.4 are satisfied .

Column Span Vug &t Maximum modified s
Location | Direc-
tion
Corner Either <0.5¢vc >0.004 1.0
column | direction
Perpen- | <0.75¢vc | >0.004 1.0
dicular
Edge to the
column edge
Parallel | <0.4¢vc | >0.010 1.25
to TP Y
the edge ?
Interior | Either | <0.4¢vc | =0.010 ) = 1.25 <10
— (= <1.
column | direction 1+(2/3) /bl/bz

where b; is the width of the critical section measured in the direction of the span
and b is the width of the critical section measured in the direction perpendicular
to the span.

2.5.3.3 Determine Concrete Capacity

The concrete punching shear stress capacity is taken as the minimum of the fol-
lowing three limits:

(2+iJﬂ, fe

B

(2+ﬂy fr
b,

YNER

v, =min (ACI 22.6.5.2)
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where, £ is the ratio of the maximum to the minimum dimensions of the critical
section, b, is the perimeter of the critical section, and « is a scale factor based
on the location of the critical section.

40 for interior columns,
a, =430 for edge columns, and (ACI 22.6.65.3)
20  for corner columns.

A limit is imposed on the value of ,/ f', as:

Jf' <100 (ACI 22.5.3.1)

2.5.3.4 Computation of Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section.

_ Vu + 7/V2[Mu2 _Vu (Y3 B Y1)][|33(Y4 B ys) - |23(X4 — Xs)] _

V. =
" bod oo las = 1 Eq. 1
YvaAMyg =V (X5 = X)1 5 (X4 = X5) = 15 (Ys — ¥5)]
I22'33 - |232
n —_—
I, = z I,,, where "sides" refers to the sides of the critical section
sides=1
for punching shear Eq. 2

n
;= Z l,;, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eqg. 3

n
I, = Z I ,,, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eq. 4
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The equations for 1I,,,1,,,and I, are different depending on whether the

side of the critical section for punching shear being considered is parallel to
the 2-axis or parallel to the 3-axis. Refer to Figure 2-4.

I, = Ld(y, — y,)?, for the side of the critical section parallel

to the 2-axis Eqg. 5a
—  Ld® d ) . . .
5, BETE + ET) +Ld(y, —y;)°, forthe side of the critical section
parallel to the 3-axis Eq. 5b
3 3
[ :% + dl—; +Ld(x, — %)%, for the side of the critical section
parallel to the 2-axis Eqg. 6a

I, = Ld(x, — X;)?, for the side of the critical section parallel
to the 3-axis Eq. 6b

I_23 =Ld(x, — %3)(y, — y;), for side of critical section parallel
to 2-axis or 3-axis Eq. 7

NOTE: I, is explicitly set to zero for corner condition.
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where,

las =

Side of critical section
Critical section for X, - X being considered
punching shear shown solid
shown by heavy line

/Center of side of critical
section being considered.

Centroid of entire L Coordinates are (X,,Y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s = wf\—=—
yz - y3 2

Plan View For Side of Critical Section Parallel to 3-Axis

Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown 3
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire
critical section for $
punching shear. Center of side of critical

Coordinates are (X,,Y,). -—,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis
Work This Sketch With Equations 5a, 6a and 7

Figure 2-4 Shear Stress Calculations at Critical Sections

Perimeter of the critical section for punching shear

Effective depth at the critical section for punching shear based on the
average of d for 2 direction and d for 3 direction

Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 2-axis

Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 3-axis

Product of the inertia of the critical section for punching shear with re-
spect to the 2 and 3 planes
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Mu2 =

Muz =

2535

Length of the side of the critical section for punching shear currently
being considered

Moment about the line parallel to the 2-axis at the center of the column
(positive in accordance with the right-hand rule)

Moment about the line parallel to the 3-axis at the center of the column
(positive in accordance with the right-hand rule)

Punching shear stress
Shear at the center of the column (positive upward)
Coordinates of the column centroid

Coordinates of the center of one side of the critical section for punching
shear

Coordinates of the centroid of the critical section for punching shear
Coordinates of the location where stress is being calculated
Percent of My; resisted by shear

Percent of Mys resisted by shear

Determine Capacity Ratio

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section. The ratio of the max-
imum shear stress and the concrete punching shear stress capacity is reported as
the punching shear capacity ratio by ETABS. If this ratio exceeds 1.0, punching
shear reinforcement is designed as described in the following section.

2.5.4 Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 6 inches, and not less
than 16 times the shear reinforcement bar diameter (ACI 22.6.7.1). If the slab
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thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is de-
scribed in the subsections that follow.

25.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is limited to:

v, <24,/ f", forshear links (ACI 22.6.6.1)
v, <34,/ f ', forshear studs (ACI 22.6.6.1)

2.5.4.2 Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vimax = 64/ T, bod for shear links (ACI122.6.6.2)
Vimax = 84/ T bod for shear studs (ACI122.6.6.2)

Given Vy, V¢, and Vmay, the required shear reinforcement is calculated as follows,
where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3).

V _
A _(V-gv.) (ACI 22.5.1.1, 22.5.10.1, 20.5.10.5.3)

s ¢f.d

A 2Jfib
S

> % for shear studs
y

= If Vy > @Vmax, a failure condition is declared. (ACI1225.1.2)
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= |f Vy exceeds the maximum permitted value of ¢Vma, the concrete section
should be increased in size.

2.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 2-5 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner

column.
Typical Studrail Outermost Out_ermost )
(only first and last peripheral line L\ peripheral line
studs shown) of studs N— of studs Free
_—,—L - 24 d/2 edge
g 0 d/2 |
y
I/ N ! p (_ 9 !
‘ |
i : Rz
I =k x e — X a, i
1 TO 1 0 ol .
I—= ), Critical Y d/2
Y . .
N ifl 7 section A
MR- X centroid ~ Free /I I ZANN
T edge” [NV ONX
y Free edge —/| lx\>/ Cnltical section
N —'\,— centroid
| —— Ix
Interior Column Edge Column Corner Column

Figure 2-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2(ACI 8.7.6.3, Table 8.7.6.3) and the spacing between shear
reinforcement shall not exceed d/2(ACI 8.7.6.3, Table 8.7.6.3). The spacing be-
tween adjacent shear reinforcement in the first line (perimeter) of shear rein-
forcement shall not exceed 2d measured in a direction parallel to the column face
(ACI18.7.6.3, Table 8.7.6.3).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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2.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in 20.6.1.3 plus half of the
diameter of the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
3/8-, 1/2-, 5/8-, and 3/4-inch diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not
exceed 2d, and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

o< 0.5d (ACI18.7.7.1.2)
0.75d for v, <6¢./f.

s< B (ACI18.7.7.1.2)
0.50d for v, > 6¢\/f_’C

g <2 (ACI18.7.7.1.2)

The limits of s, and the spacing, s, between for the links are specified as:
So < 0.5d (ACI18.7.6.3)

$<0.50d (AC18.7.6.3)
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Chapter 03
Design for ACI 318-11

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the American code ACI 318-11 [ACI 2011]
is selected. Various notations used in this chapter are listed in Table 3-1. For
referencing to the pertinent sections or equations of the ACI code in this chapter,
a prefix “ACI” followed by the section or equation number is used herein.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on inch-pound-second units. For simplicity, all equations and descriptions
presented in this chapter correspond to inch-pound-second units unless otherwise
noted.

3.1 Notations

Notations

Table 3-1 List of Symbols Used in the ACI 318-11 Code

Acp Area enclosed by the outside perimeter of the section, sg-in

Ag Gross area of concrete, sg-in
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Table 3-1 List of Symbols Used in the ACI 318-11 Code

A Area of longitudinal reinforcement for torsion, sg-in

Ao Area enclosed by the shear flow path, sg-in

Ach Area enclosed by the centerline of the outermost closed transverse
torsional reinforcement, sg-in

As Area of tension reinforcement, sg-in

A's Area of compression reinforcement, sg-in

Acls Area of closed shear reinforcement per unit length of member for
torsion, sg-in/in

Ay Area of shear reinforcement, sg-in

Als Avrea of shear reinforcement per unit length, sg-in/in

a Depth of compression block, in

Amax Maximum allowed depth of compression block, in

b Width of section, in

by Effective width of flange (flanged section), in

bo Perimeter of the punching shear critical section, in

bw Width of web (flanged section), in

by Width of the punching shear critical section in the direction of
bending, in

b, Width of the punching shear critical section perpendicular to the di-
rection of bending, in

c Depth to neutral axis, in

d Distance from compression face to tension reinforcement, in

d Distance from compression face to compression reinforcement, in

E. Modulus of elasticity of concrete, psi

Es Modulus of elasticity of reinforcement, psi

f'e Specified compressive strength of concrete, psi
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Table 3-1 List of Symbols Used in the ACI 318-11 Code

f's

Py
Pep
Pn

Vmax
Vs
Vu

e

i

&

& max

Stress in the compression reinforcement, psi
Specified yield strength of flexural reinforcement, psi
Specified yield strength of shear reinforcement, psi
Overall depth of a section, in

Height of the flange, in

Factored moment at a section, Ib-in

Factored axial load at a section occurring simultaneously with V, or
Ty, Ib

Factored axial load at a section, Ib
Outside perimeter of concrete cross-section, in

Perimeter of centerline of outermost closed transverse torsional
reinforcement, in

Spacing of shear reinforcement along the strip, in

Critical torsion capacity, Ib-in

Factored torsional moment at a section, Ib-in

Shear force resisted by concrete, Ib

Maximum permitted total factored shear force at a section, Ib
Shear force resisted by transverse reinforcement, Ib

Factored shear force at a section, Ib

Punching shear scale factor based on column location

Ratio of the maximum to the minimum dimensions of the punching
shear critical section

Factor for obtaining depth of the concrete compression block
Strain in the concrete

Maximum usable compression strain allowed in the extreme
concrete fiber, (0.003 in/in)
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Table 3-1 List of Symbols Used in the ACI 318-11 Code

&s

Strain in the reinforcement

Es,min Minimum tensile strain allowed in the reinforcement at nominal

strength for tension controlled behavior (0.005 in/in)

Strength reduction factor

Fraction of unbalanced moment transferred by flexure

Fraction of unbalanced moment transferred by eccentricity of shear
Shear strength reduction factor for light-weight concrete

Angle of compression diagonals, degrees

3.2 Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For ACI 318-11, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (ACI 9.2.1):

1.4D (ACI 9-1)
1.2D + 1.6L (ACI 9-2)
1.2D + 1.6 (0.75 PL) (AC1 13.7.6.3, 9-2)
0.9D + 1.0W (ACI 9-6)
1.2D +1.0L +£1.0W (AC| 9_4)
0.9D + 1.0E (ACI 9-7)
1.2D+1.0L+1.0E (AC| 9_5)
1.2D + 1.6L + 0.5S (ACI 9-2)
1.2D + 1.0L + 1.6S (ACI 9-3)
1.2D + 1.6S + 0.5W (ACI 9-3)
1.2D + 1.0L + 0.5S + 1.0W (ACI 9-4)
1.2D + 1.0L + 0.2S + 1.0E (ACI 9-5)
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These are the default design load combinations in ETABS whenever the ACI
318-11 code is used. The user should use other appropriate load combinations if
roof live load is treated separately, or if other types of loads are present.

3.3  Limits on Material Strength

The concrete compressive strength, f/, should not be less than 2,500 psi (ACI

5.1.1). The upper limit of the reinforcement yield strength, f,, is taken as 80 ksi
(ACI 9.4) and the upper limit of the reinforcement shear strength, fy, is taken as
60 ksi (ACI 11.4.2).

If the input f. is less than 2,500 psi, ETABS continues to design the members
based on the input f. and does not warn the user about the violation of the code.
The user is responsible for ensuring that the minimum strength is satisfied.

3.4  Strength Reduction Factors

The strength reduction factors, ¢, are applied to the specified strength to obtain
the design strength provided by a member. The ¢ factors for flexure, shear, and
torsion are as follows:

¢=0.90 for flexure (tension controlled) (ACI19.3.2.1)
¢=0.75 for shear and torsion (ACI19.3.2.3)

These values can be overwritten; however, caution is advised.

3.5 Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
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= Design flexural reinforcement
= Design shear reinforcement

= Punching check

3.5.1 Design Flexural Reinforcement

3511

3-

6

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom of
the slab within each design strip, along with the corresponding controlling load
combination, is obtained and reported.

Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab

Slab Design
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3512

35121

may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete. Note that the flexural reinforcement strength, fy, is limited to 80 ksi
(AC19.4), even if the material property is defined using a higher value.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 3-1 (ACI 10.2). Furthermore, it is assumed that the net tensile
strain in the reinforcement shall not be less than 0.005 (tension controlled) (ACI
10.3.4) when the concrete in compression reaches its assumed strain limit of
0.003. When the applied moment exceeds the moment capacity at this design
condition, the area of compression reinforcement is calculated assuming that the
additional moment will be carried by compression reinforcement and additional
tension reinforcement.

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (O.lf'CAg) (ACI 10.3.5), axial force is ignored; hence, all slabs are de-
signed for major direction flexure, shear, and torsion only. Axial compression
greater than (O.lf;Ag) and axial tensions are always included in flexural and

shear design.

Design of uniform thickness slab

In designing for a factored negative or positive moment, M, (i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 3-1), where,
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a=d-_[d? My
0.85f"_ ¢b

(AC110.2)

and the value of ¢ is taken as that for a tension-controlled section, which by
default is 0.90 (ACI 9.3.2.1) in the preceding and the following equations.

The maximum depth of the compression zone, Cmax, is calculated based on the
limitation that the tension reinforcement strain shall not be less than gmin, Which
is equal to 0.005 for tension controlled behavior (ACI 10.3.4):

O = —2omax___ (AC110.2.2)
Ecmax + Esmin
£=0.003 0.85f,
D —
, — T
A (I ) o a=pc
d
® o Ly >
A
(1) BEAM (1) STRAIN (1) STRESS
SECTION DIAGRAM DIAGRAM
Figure 3-1 Uniform Thickness Slab Design
where,
&max = 0.003 (ACI110.2.3)
Esmin = 0005 (ACI 1034)
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The maximum allowable depth of the rectangular compression block, amax, is
given by:

Amax =ﬂ1Cmax (AC| 10271)

where £ is calculated as:

065</ <085  (ACI10.2.7.3)

=0.85-0.05
A ( 1000

fg-4oooJ

» |f a < amax (ACI 10.3.4), the area of tension reinforcement is then given by:

A=
“("‘J

This reinforcement is to be placed at the bottom if M, is positive, or at the top
if My is negative.

» If & > amax, COMpression reinforcement is required (ACI 10.3.5.1) and is cal-
culated as follows:

— The compressive force developed in the concrete alone is given by:

C=0.85f"_ba,, (AC110.2.7.1)
and the moment resisted by concrete compression and tension reinforcement
is:

a
M. =¢C(d —%} (AC19.3.2.1)

— Therefore the moment required to be resisted by compression reinforcement
and tension reinforcement is:

Muys = My — My

— The required compression reinforcement is given by:
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M
A, = . wh
ST p(F-085F ) (d—d)

c_—d'
f' = Esecma{m?—} <f, (AC110.2.2,10.2.3, 10.2.4)

max

— The required tension reinforcement for balancing the compression in the
concrete is:

A= = }

a‘max
o

and the tension reinforcement for balancing the compression reinforcement
is given by:

M

ARUIACEY

Therefore, the total tension reinforcement is As = As1 + As2, and the total com-
pression reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top if My is positive, and vice versa if My is negative.

35.1.2.2 Design of nonuniform thickness slab

In designing a nonuniform thickness slab, a simplified stress block, as shown in
Figure 3-2, is assumed if the flange is under compression, i.e., if the moment is
positive. If the moment is negative, the flange comes under tension, and the
flange is ignored. In that case, a simplified stress block similar to that shown in
Figure 3-1 is assumed on the compression side.
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| b h £=0.003 0.85f! 0.85f"
“ t rf — *———*»
v <
V { d'| f C, \
A T ~—C
c
d \
"__C,
oo ' -, - -
‘- A
by,
() BEAM (Il) STRAIN (In) STRESS
SECTION DIAGRAM DIAGRAM

Figure 3-2 Nonuniform Thickness Slab Design

3.5.1.2.2.1Flanged Slab Under Negative Moment

In designing for a factored negative moment, M, (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

3.5.1.2.2.2Flanged Slab Under Positive Moment
If My > 0, the depth of the compression block is given by:

a:d—\/dz—% (ACI 10.2)
’ c f

where, the value of ¢ is taken as that for a tension-controlled section, which by
default is 0.90 (ACI 9.3.2.1) in the preceding and the following equations.

The maximum depth of the compression zone, Cmax, IS calculated based on the
limitation that the tension reinforcement strain shall not be less than gmin, Which
is equal to 0.005 for tension controlled behavior (ACI 10.3.4):
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c_ = ‘emx 4 (ACI10.2.2)
gcmax + gsmin

where,

&max = 0.003 (ACI 10.2.3)

&min = 0.005 (ACI 10.3.4)
The maximum allowable depth of the rectangular compression block, amax, is
given by:

Qrax = PiCrnax (ACI10.2.7.1)

where £ is calculated as:

0.65< /<085 (ACI10.2.7.3)

B = 0.85—0.05(ﬂj,

1000

= |f a < hy, the subsequent calculations for Asare exactly the same as previously
defined for the rectangular slabdesign. However, in this case, the width of the
slab is taken as br. Compression reinforcement is required if a > amax.

= |f a > hy, the calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, Cy, as shown in Figure 3-2. Cs is given by:

C, =0.85f" (b, b, Jmin(h, ,a,,,) (ACI110.2.7.1)

C
Therefore, A, = f—f and the portion of M, that is resisted by the flange is
given by:

min(h,,a,,,)

f ¥ "max

M, =¢C.|d-
uf¢f 2

(AC19.3.2.1)

Again, the value for ¢is 0.90 by default. Therefore, the balance of the moment,
My, to be carried by the web is:
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Muw = My — Myt

The web is a rectangular section with dimensions by and d, for which the de-
sign depth of the compression block is recalculated as:

a,=d- dZ—ZM—“W (ACI 10.2)
0.85f', ¢h,

= |f a1 < amax (ACI 10.3.4), the area of tension reinforcement is then given by:

&2 :%, and
1[a-3)
As=Ast + A

This reinforcement is to be placed at the bottom of the flanged slab.

= |f a1 > amax, cOMpression reinforcement is required (ACI 10.3.5.1) and is cal-
culated as follows:

— The compressive force in the web concrete alone is given by:

C,=0.85f"ha (AC110.2.7.1)

C Tw T max

Therefore the moment resisted by the concrete web and tension reinforce-
ment is:

a,
M, =C, | d - “mex
uc W[ 2 j¢

and the moment resisted by compression and tension reinforcement is:
Mus = Muw - MUC
Therefore, the compression reinforcement is computed as:

Mys

. wh
(f.—08sf)(d-d)p "

A =
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3511

f =B, {Cmax —d }s f, (ACI10.2.2, 10.2.3, 10.2.4)

max

The tension reinforcement for balancing compression in the web concrete is:

A :—Muc
a
f | d — Zmax
1)
and the tension reinforcement for balancing the compression reinforcement
is:
M
A = T
fy(d —d )¢

The total tension reinforcement is As = As1 + As2 + Agz, and the total compres-
sion reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top.

Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (ACI 7.12.2, 13.3.1):

Asmin = 0.0020 bh for , = 40 ksi or 50 ksi (ACI 7.12.2.1(3))

Asmin = 0.0018 bh for f, = 60 ksi (ACI7.12.2.1(h))
001

Ao = 200 8fx 00000 11 tort, > 60 ki (ACI 7.12.2.1(c))

y

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area.

3.5.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
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3521

3.5.2.2

3.5.2.3

for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, V..
= Determine the shear force, V, that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

Determine Factored Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

Determine Concrete Shear Capacity
The shear force carried by the concrete, V, is calculated as:

V, =2,/f'b,d (ACI 11.2.1.2)
A limit is imposed on the value of /f', as f ', <100 (ACI11.1.2)

The value of A should be specified in the material property definition.
Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

V., =\ +(8\/ﬁ )bwd (ACI 11.4.7.9)

Given Vy, V¢, and Vmay, the required shear reinforcement is calculated as follows
where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3). The flexural rein-
forcement strength, fyt, is limited to 60 ksi (ACI 11.5.2) even if the material prop-
erty is defined with a higher value.
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= IfV, <4V,
A 0 (ACI 11.4.6.1)
S

" If ¢\/C <VU S¢Vma><!

V, —gV

A = M (ACl111.4.7.1,11.4.7.2)
S ¢ f,d

» If V> ¢Vmax, a failure condition is declared. (ACI111.4.7.9)

If Vi, exceeds the maximum permitted value of ¢Vmax, the concrete section should
be increased in size (ACI 11.4.7.9).

The minimum shear reinforcement given by ACI 11.4.6.3 is not enforced (ACI

11.4.6.1).
0.75/f"
ﬂz max| ———=h,, 50b, (AC111.4.6.3)
S f f

The maximum of all of the calculated AJ/s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

3.5.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.
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3531

3532

Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (ACI 11.11.1.2). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (ACI 11.11.1.3). Figure 3-3 shows the
auto punching perimeters considered by ETABS for the various column shapes.
The column location (i.e., interior, edge, corner) and the punching
perimeter may be overwritten using the Punching Check Overwrites.

Interior Column Edge Column Edge Column
AN e ™
//” \\\ d/2 d/2 /’\ \\ : d/2
/ ) ¢ AN | A
\
! | { \j : \
\ | I ] ! |
\ ' | | | |
\ /
\\\\___/// I_ _____________ : i_ __________ :
Circular Column T-Shape Column L-Shape Column

Figure 3-3 Punching Shear Perimeters

Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be My
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be % M.

7 (AC1 135.3.2)

1
"1+ (2/3)Jb, b,
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w=1l-n

(ACI 13.5.3.1)

For flat plates, x is determined from the following equations taken from ACI
421.2R-07 Seismic Design of Punching Shear Reinforcement in Flat Plates [ACI

2007].
For interior columns,

Vo =1= !
1+(2/3) 1, /1,

Vo =1- -
Y 1+(2/3)M

For edge columns,
#x = same as for interior columns
1

& =1_1+(2/3)‘/|X/|y 02

¥y =0when I, /I, <0.2

For corner COIUmnS,
Jix = 04

%y = same as for edge columns

(ACI 421.2 C-11)

(ACI 421.2 C-12)

(ACI 421.2 C-13)

(ACI 421.2 C-14)

(ACI 421.2 C-15)

(ACI 421.2 C-16)

NOTE: Program uses ACI 421.2-12 and ACI 421.2-15 equations in lieu of ACI
421.2 C-14 and ACI 421.2 C-16 which are currently NOT enforced.

where b, is the width of the critical section measured in the direction of the span
and b is the width of the critical section measured in the direction perpendicular
to the span. The values Iy and |y are the projections of the shear-critical section

onto its principal axes, x and y, respectively.
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3.5.3.3 Determine Concrete Capacity

The concrete punching shear stress capacity is taken as the minimum of the fol-
lowing three limits:

g

c

v, =min [2+ Osd }1 fr (ACI 11.11.2.1)

0

YNIR

where, £ is the ratio of the maximum to the minimum dimensions of the critical
section, b, is the perimeter of the critical section, and «s is a scale factor based
on the location of the critical section.

40  for interior columns,
a, =430 for edge columns, and (ACI11.11.21)
20 for corner columns.

A limit is imposed on the value of 4/ f', as:

J ' <100 (ACI 11.1.2)

3.5.34 Computation of Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section.

_ Y n YveAMy, —Vy (Vs = Y [sa(Ys = ¥3) = 1oa (X = %)]
bod 515 — |232
7/V3[MU3 =V (X = X)) 1155 (X = %5) = Ly (Y4 — ¥3)]

2
|22|33_ |23

VU
Eq.1
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n
l,, = Z l,,, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eq. 2

n

I3 = Z 1,,, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eqg. 3

n

I, = z 1., where "“sides" refers to the sides of the critical section

sides =1

for punching shear Eq. 4

The equations for 1,,, 15, and 1, are different depending on whether the

side of the critical section for punching shear being considered is parallel to
the 2-axis or parallel to the 3-axis. Refer to Figure 3-4.

I, = Ld(y, — y5)?, for the side of the critical section parallel

to the 2-axis Eg. 5a
—  Ld® d® ) . . .
l,, = 17 + ETy +Ld(y, —y;)°, for the side of the critical section
parallel to the 3-axis Eq. 5b
3 3
[ :% + dl—; +Ld(x, — %;)?, for the side of the critical section

parallel to the 2-axis Eqg. 6a

I, = Ld(x, — x5)?, for the side of the critical section parallel
to the 3-axis Eq. 6b
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Side of critical section
Critical section for X, - X being considered
punching shear shown solid
shown by heavy line

/Center of side of critical
) ] section being considered.
Centroid of entire

e ) L Coordinates are (X,,Y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s = wf\—=—
yz - y3 2

Plan View For Side of Critical Section Parallel to 3-Axis
Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire
critical section for T T——|

punch_ing shear. I Center of side of critical
Coordinates are (X,,Y,). -—,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis
Work This Sketch With Equations 5a, 6a and 7

Figure 3-4 Shear Stress Calculations at Critical Sections

ls = Ld (X, — X;3)(Y, — Ys), for side of critical section parallel
to 2-axis or 3-axis Eq. 7

NOTE: 1,; is explicitly set to zero for corner condition.

where,

bo = Perimeter of the critical section for punching shear

d = Effective depth at the critical section for punching shear based on the
average of d for 2 direction and d for 3 direction

. = Moment of inertia of the critical section for punching shear about an axis

that is parallel to the local 2-axis
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I3 =

My =

Muz =

Vu =

Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 3-axis

Product of the inertia of the critical section for punching shear with re-
spect to the 2 and 3 planes

Length of the side of the critical section for punching shear currently
being considered

Moment about the line parallel to the 2-axis at the center of the column
(positive in accordance with the right-hand rule)

Moment about the line parallel to the 3-axis at the center of the column
(positive in accordance with the right-hand rule)

Punching shear stress
Shear at the center of the column (positive upward)
Coordinates of the column centroid

Coordinates of the center of one side of the critical section for punching
shear

Coordinates of the centroid of the critical section for punching shear
Coordinates of the location where stress is being calculated
Percent of My; resisted by shear

Percent of Mys resisted by shear

Determine Capacity Ratio

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section. The ratio of the max-
imum shear stress and the concrete punching shear stress capacity is reported as
the punching shear capacity ratio by ETABS. If this ratio exceeds 1.0, punching
shear reinforcement is designed as described in the following section.
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3.5.4 Design Punching Shear Reinforcement

3541

3.54.2

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 6 inches, and not less
than 16 times the shear reinforcement bar diameter (ACI 11.11.3). If the slab
thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is de-
scribed in the subsections that follow.

Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is limited to:

v, <24,/ f", forshear links (ACI11.11.3.1)
v, <31,/ f ", forshear studs (ACI11.115.1)

Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vinax = 64/ T bod for shear links (ACI11.11.3.2)
Vinax = 84/ . bod for shear studs (ACI 11.11.5.1)

Given Vy, V¢, and Vmax, the required shear reinforcement is calculated as follows,
where, ¢, the strength reduction factor, is 0.75 (ACI1 9.3.2.3).

A _(V-oV) (ACI 11.4.7.1,11.4.7.2)

S pf.d
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2\f'b
A > % for shear studs (ACI 11.11.5.1)
S
y

» If V> ¢Vmax, a failure condition is declared. (ACI11.11.3.2)

= |f Vy exceeds the maximum permitted value of ¢Vma, the concrete section
should be increased in size.

3.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 3-6 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner

column.
Typical Studrail Outermost Out_ermost )
(only first and last peripheral line N peripheral line
studs shown) —L of studs N— of studs Free
—_— L. edge
- 24 d/2 / d/2 l,
’ o ) !
I ;
.E._ i i
1 -- - — X by — X g, |
1 TO !Eﬁ 0| ol L
I B),  Critical b d/2
N ifl 2 section j j Ao’
MUY centroid  Free /1 4 L\
T d 7 X
i edge . .
y Free edge _/ I Criltical section
—'\,— centroid
<—|x
Interior Column Edge Column Corner Column

Figure 3-6 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2(ACI R11.11.3.3, 11.11.5.2. The spacing between adjacent
shear reinforcement in the first line (perimeter) of shear reinforcement shall not
exceed 2d measured in a direction parallel to the column face (ACI 11.11.3.3).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of

3-24 Slab Design



Chapter 03 - Design for ACI 318-11

3544

shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in ACI 7.7 plus half of the
diameter of the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
3/8-, 1/2-, 5/8-, and 3/4-inch diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not
exceed 2d, and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

So< 0.5d (ACI 11.11.5.2)

0.75d for v, < 6¢\/f—;
s<
0.50d for v, >6¢\/f,

g < 2d (ACI 11.11.5.3)

(ACI 11.11.5.2)

The limits of s, and the spacing, s, between for the links are specified as:
So < 0.5d (ACI11.11.3)

$<0.50d (ACI 11.11.3)

Slab Design  3-25



Chapter 4
Design for ACI 318-08

4.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the American code ACI 318-08 [ACI 2008]
is selected. Various notations used in this chapter are listed in Table 4-1. For
referencing to the pertinent sections or equations of the ACI code in this chapter,
a prefix “ACI” followed by the section or equation number is used herein.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on inch-pound-second units. For simplicity, all equations and descriptions
presented in this chapter correspond to inch-pound-second units unless otherwise
noted.

Notations

Table 4-1 List of Symbols Used in the ACI 318-08 Code

Acp Area enclosed by the outside perimeter of the section, sg-in

Ag Gross area of concrete, sg-in

4-1



ETABS Reinforced Concrete Design

Table 4-1 List of Symbols Used in the ACI 318-08 Code

A Area of longitudinal reinforcement for torsion, sg-in

Ao Area enclosed by the shear flow path, sg-in

Ach Area enclosed by the centerline of the outermost closed transverse
torsional reinforcement, sg-in

As Area of tension reinforcement, sg-in

A's Area of compression reinforcement, sg-in

Acls Area of closed shear reinforcement per unit length of member for
torsion, sg-in/in

Ay Area of shear reinforcement, sg-in

Als Avrea of shear reinforcement per unit length, sg-in/in

a Depth of compression block, in

Amax Maximum allowed depth of compression block, in

b Width of section, in

by Effective width of flange (flanged section), in

bo Perimeter of the punching shear critical section, in

bw Width of web (flanged section), in

by Width of the punching shear critical section in the direction of
bending, in

b, Width of the punching shear critical section perpendicular to the di-
rection of bending, in

c Depth to neutral axis, in

d Distance from compression face to tension reinforcement, in

d Distance from compression face to compression reinforcement, in

E. Modulus of elasticity of concrete, psi

Es Modulus of elasticity of reinforcement, psi

f'e Specified compressive strength of concrete, psi

4-2 Notations
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Table 4-1 List of Symbols Used in the ACI 318-08 Code

f's

Py
Pep
Pn

Vmax
Vs
Vu

e

i

&

& max

Stress in the compression reinforcement, psi
Specified yield strength of flexural reinforcement, psi
Specified yield strength of shear reinforcement, psi
Overall depth of a section, in

Height of the flange, in

Factored moment at a section, Ib-in

Factored axial load at a section occurring simultaneously with V, or
Ty, Ib

Factored axial load at a section, Ib
Outside perimeter of concrete cross-section, in

Perimeter of centerline of outermost closed transverse torsional
reinforcement, in

Spacing of shear reinforcement along the strip, in

Critical torsion capacity, Ib-in

Factored torsional moment at a section, Ib-in

Shear force resisted by concrete, Ib

Maximum permitted total factored shear force at a section, Ib
Shear force resisted by transverse reinforcement, Ib

Factored shear force at a section, Ib

Punching shear scale factor based on column location

Ratio of the maximum to the minimum dimensions of the punching
shear critical section

Factor for obtaining depth of the concrete compression block
Strain in the concrete

Maximum usable compression strain allowed in the extreme
concrete fiber, (0.003 in/in)
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Table 4-1 List of Symbols Used in the ACI 318-08 Code

&s

&s,min

4.2  Design Load Combinations

Strain in the reinforcement

Minimum tensile strain allowed in the reinforcement at nominal

strength for tension controlled behavior (0.005 in/in)

Strength reduction factor

Fraction of unbalanced moment transferred by flexure

Fraction of unbalanced moment transferred by eccentricity of shear

Shear strength reduction factor for light-weight concrete

Angle of compression diagonals, degrees

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For ACI 318-08, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (ACI 9.2.1):

1.4D
1.2D + 1.6L
1.2D +1.6 (0.75PL)

0.9D £ 1.6W
12D +1.0L +1.6W

0.9D £ 1.0E
1.2D +1.0L +1.0E

1.2D + 1.6L + 0.5S

1.2D + 1.0L + 1.6S

1.2D + 1.6S +0.8W

1.2D + 1.0L + 0.5S + 1.6W
12D +1.0L+0.2S+1.0E

4-4 Design Load Combinations

(ACI 9-1)
(ACI 9-2)
(AC113.7.6.3, 9-2)

(ACI 9-6)
(ACI 9-4)

(ACI 9-7)
(ACI 9-5)

(ACI 9-2)
(ACI 9-3)
(ACI 9-3)
(ACI 9-4)
(ACI 9-5)
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4.3

4.4

4.5

These are the default design load combinations in ETABS whenever the ACI
318-08 code is used. The user should use other appropriate load combinations if
roof live load is treated separately, or if other types of loads are present.

Limits on Material Strength

The concrete compressive strength, f, should not be less than 2,500 psi (ACI
5.1.1). If the input f. is less than 2,500 psi, ETABS continues to design the
members based on the input f. and does not warn the user about the violation

of the code. The user is responsible for ensuring that the minimum strength is
satisfied.

Strength Reduction Factors

The strength reduction factors, ¢, are applied to the specified strength to obtain
the design strength provided by a member. The ¢ factors for flexure, shear, and
torsion are as follows:

¢ =0.90 for flexure (tension controlled) (ACI19.3.2.1)
¢ =0.75 for shear and torsion (ACI19.3.2.3)

These values can be overwritten; however, caution is advised.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:

= Design flexural reinforcement

Limits on Material Strength ~ 4-5
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4-

6

= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

4511 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

Slab Design
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45.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete. Note that the flexural reinforcement strength, fy, is limited to 80 ksi
(AC19.4), even if the material property is defined using a higher value.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 4-1 (ACI 10.2). Furthermore, it is assumed that the net tensile
strain in the reinforcement shall not be less than 0.005 (tension controlled) (ACI
10.3.4) when the concrete in compression reaches its assumed strain limit of
0.003. When the applied moment exceeds the moment capacity at this design
condition, the area of compression reinforcement is calculated assuming that the
additional moment will be carried by compression reinforcement and additional
tension reinforcement.

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T- shaped sections), is summarized in the text that follows. For rein-
forced concrete design where design ultimate axial compression load does not
exceed (0.1ngg) (ACI 10.3.5), axial force is ignored; hence, all slabs are de-

signed for major direction flexure and shear only. Axial compression greater
than (0.1f;Ag) and axial tensions are always included in flexural and shear de-

sign.

45.1.2.1 Design of uniform thickness slab

In designing for a factored negative or positive moment, M, (i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 4-1), where,

2|M
a=d —\/d2 —#}Lﬁb (ACI 10.2)

and the value of ¢ is taken as that for a tension-controlled section, which by
default is 0.90 (ACI 9.3.2.1) in the preceding and the following equations.
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The maximum depth of the compression zone, Cmax, IS calculated based on the
limitation that the tension reinforcement strain shall not be less than gmin, Which
is equal to 0.005 for tension controlled behavior (ACI 10.3.4):

Co = ——12%__g (ACI110.2.2)

Eemax T Esmin

£=0.003 0.85f/

L

c a=pc

-~ b —— >

-

>
o p |4
A
O
—

d
. >

A
(I) BEAM (Il) STRAIN (Ill) STRESS
SECTION DIAGRAM DIAGRAM

Figure 4-1 Uniform Thickness Slab Design

where,

£emax = 0.003 (ACI110.2.3)

&min = 0.005 (AC110.3.4)
The maximum allowable depth of the rectangular compression block, amax, is
given by:

@max =1Cmax (ACI10.2.7.1)

where £ is calculated as:

4-8  Slab Design
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065<4 <085  (ACI10.2.7.3)

B =0.85—0.05(ﬂ],

1000
= |f a < amax (ACI 10.3.4), the area of tension reinforcement is then given by:

A=
o fy(d —2)

This reinforcement is to be placed at the bottom if M, is positive, or at the top
if My is negative.

» If & > amax, COMpression reinforcement is required (ACI 10.3.5.1) and is cal-
culated as follows:

— The compressive force developed in the concrete alone is given by:

C=0.85f"ba,, (AC110.2.7.1)

and the moment resisted by concrete compression and tension reinforcement
is:

M, = ¢C [d —amTan (AC19.3.2.1)

— Therefore the moment required to be resisted by compression reinforcement
and tension reinforcement is:

Mus = My — Myc
— The required compression reinforcement is given by:

M
A = us , Where

T o¢(f',—0.85f")(d—-d")

c_.—d'
[m""x—} < fy (AC110.2.2,10.2.3,10.2.4)
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— The required tension reinforcement for balancing the compression in the
concrete is:

Ay - M }

- amax
¢fy{d -

and the tension reinforcement for balancing the compression reinforcement
is given by:

M

AIACRE

Therefore, the total tension reinforcement is As = As1 + As2, and the total com-
pression reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top if My is positive, and vice versa if My is negative.

45.1.2.2 Design of nonuniform thickness slab

In designing a nonuniform thickness slab, a simplified stress block, as shown in
Figure 4-2, is assumed if the flange is under compression, i.e., if the moment is
positive. If the moment is negative, the flange comes under tension, and the
flange is ignored. In that case, a simplified stress block similar to that shown in
Figure 4-1 is assumed on the compression side.
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| b h £=0.003 0.85f! 0.85f"
“ t rf — *———*»
v <
V { d'| f C, \
A T ~—C
c
d \
"__C,
oo ' -, - -
‘- A
by,
() BEAM (Il) STRAIN (In) STRESS
SECTION DIAGRAM DIAGRAM

Figure 4-2 Nonuniform Thickness Slab Design

45.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M, (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

45.1.2.2.2 Flanged Slab Section Under Positive Moment
If My > 0, the depth of the compression block is given by:

a:d_\/dz_()852f¢¢b (ACI 10.2)
' c f

where, the value of ¢ is taken as that for a tension-controlled section, which by
default is 0.90 (ACI 9.3.2.1) in the preceding and the following equations.

The maximum depth of the compression zone, Cmax, IS calculated based on the
limitation that the tension reinforcement strain shall not be less than gmin, Which
is equal to 0.005 for tension controlled behavior (ACI 10.3.4):
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C =—comx (AC110.2.2)
gcmax + gsmin

where,

&max = 0.003 (AC110.2.3)

Esmin = 0005 (ACI 1034)
The maximum allowable depth of the rectangular compression block, amax, is
given by:

Aoy = BiCrax (AC110.2.7.1)

where £ is calculated as:

065<4 <085 (ACI10.2.7.3)

B = 0.85—0.05(ﬂ],

1000

= If a < hy, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in this case, the width
of the slab is taken as br. Compression reinforcement is required if a > amax.

= |f a > hy, the calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cr, and the second part is for balancing the
compressive force from the web, Cy, as shown in Figure 4-2. Cs is given by:

C, =085f" (b, —b, )min(h,,a,,,) (ACI10.2.7.1)

C
Therefore, A, = f—f and the portion of M, that is resisted by the flange is
y
given by:

min(h,,a,,, )

M, =¢C.|d-
uf¢f 2

(ACI9.3.2.1)

Again, the value for ¢is 0.90 by default. Therefore, the balance of the moment,
My, to be carried by the web is:
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Muw = My — Myt

The web is a rectangular section with dimensions by and d, for which the de-
sign depth of the compression block is recalculated as:

a,=d- dZ—ZM—uvv (ACI 10.2)
0.85f"_ ¢h,

» |f a1 < amax (ACI 10.3.4), the area of tension reinforcement is then given by:

uw

A, =—""—— and
_a
¢fy(d 2]

As=As + A
This reinforcement is to be placed at the bottom of the flanged slab.

= If a; > amax, cOmpression reinforcement is required (ACI 10.3.5.1) and is cal-
culated as follows:

— The compressive force in the web concrete alone is given by:

C,=0.85f"ha (ACI110.2.7.1)

C Tw T max

Therefore the moment resisted by the concrete web and tension reinforce-
ment is:

a,
M, =C,| d -
uc W[ 2 J¢

and the moment resisted by compression and tension reinforcement is:
Muys = Muw — Myc

Therefore, the compression reinforcement is computed as:

Mys

. wh
fr-085f,)(d—d)g

A
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f' = Eigy {Cmax —d } <f, (ACI10.2.2, 10.2.3, 10.2.4)

max

The tension reinforcement for balancing compression in the web concrete is:

A, :—MUC
a
£ | d = Gmax
1o )
and the tension reinforcement for balancing the compression reinforcement
is:
M
As = T
fy(d —d )¢

The total tension reinforcement is As = As1 + As2 + Asz, and the total compres-
sion reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top.

45123 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (ACI 7.12.2):

As min = 0.0020 bh for fy = 40 ksi or 50 ksi (ACI17.12.2.1(2)
Asmin = 0.0018 bh for f, = 60 ksi (ACI 7.12.2.1(b))
Asmin = 0'0018: 60000 1 tort, > 60 ki (ACI 7.12.2.1(c))

y

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area.

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
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for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, V..
= Determine the shear force, V, that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

4521 Determine Factored Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

45.2.2 Determine Concrete Shear Capacity
The shear force carried by the concrete, V, is calculated as:

V., =24,/f'.b,d (ACI11.21.2,11.21.2,11.2.2.3)
A limit is imposed on the value of ,/f', as f ',< 100 (ACI11.1.2)

The value of A should be specified in the material property definition.
45.2.3 Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vi =Ve + (8" )bwd (ACI 11.4.7.9)

Given Vy, V¢, and Vmax, the required shear reinforcement is calculated as follows
where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3). The flexural rein-
forcement strength, fyt, is limited to 60 ksi (ACI 11.5.2) even if the material prop-
erty is defined with a higher value.
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= IfV, <4V,
Ao (ACI 11.5.6.1)
S

" If ¢\/C <VU S¢Vmaxv

V, —gV

A = M (ACl111.4.7.1,11.4.7.2)
S ¢ f,d

» If V> ¢Vmax, a failure condition is declared. (ACI111.4.7.9)

If Vi, exceeds the maximum permitted value of ¢Vmax, the concrete section should
be increased in size (ACI 11.4.7.9).

The minimum shear reinforcement given by ACI 11.4.6.3 is not enforced (ACI
11.4.6.1).

0.751, "
ﬂ>max{ f ° b, 50ij (AC1 11.4.6.3)
yt

> f

S

The maximum of all of the calculated AJ/s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
ments to satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.
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453.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (ACI 11.11.1.2). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (ACI 11.11.1.3). Figure 4-3 shows the
auto punching perimeters considered by ETABS for the various column shapes.
The column location (i.e., interior, edge, corner) and the punching
perimeter may be overwritten using the Punching Check Overwrites.

Interior Column Edge Column Edge Column
AN e ™
//” \\\ d/2 d/2 /’\ \\ : d/2
/ ) ¢ AN | A
\
! | { \j : \
\ | I ] ! |
\ ' | | | |
SN Y ! o |
Circular Column T-Shape Column L-Shape Column

Figure 4-3 Punching Shear Perimeters

45.3.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be My
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be % M.

7 (AC1 13.5.3.2)

1
"1+ (2/3)yfb, b,

Slab Design  4-17



ETABS Reinforced Concrete Design

w=1l-n

(ACI 13.5.3.1)

For flat plates, x is determined from the following equations taken from ACI
421.2R-07 Seismic Design of Punching Shear Reinforcement in Flat Plates [ACI

2007].
For interior columns,

Vo =1= !
1+(2/3) 1, /1,

Vo =1- -
Y 1+(2/3)M

For edge columns,
#x = same as for interior columns
1

& :1_1+(2/3)‘/|X/|y ~02

¥y =0when I, /I, <0.2

For corner COlUmnS,
Jix = 04

%y = same as for edge columns

(ACI 421.2 C-11)

(ACI 421.2 C-12)

(ACI 421.2 C-13)

(ACI 421.2 C-14)

(ACI 421.2 C-15)

(ACI 421.2 C-16)

NOTE: Program uses ACI 421.4-12 and ACI 421.4-15 equations in lieu of ACI
421.2 C-14 and ACI 421.2 C-16 which are currently NOT enforced.

where b is the width of the critical section measured in the direction of the span
and by is the width of the critical section measured in the direction perpendicular
to the span. The values I, and I, are the projections of the shear-critical section

onto its principal axes, x and y, respectively.
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45.3.3 Determine Concrete Capacity

The concrete punching shear stress capacity is taken as the minimum of the fol-
lowing three limits:

4
2+ | afT1
{2 "
v, =min ¢(2+0§sz\/?; (ACI 11.11.2.1)

ZYNIA

where, £ is the ratio of the maximum to the minimum dimensions of the critical
section, b, is the perimeter of the critical section, and «s is a scale factor based
on the location of the critical section.

40  for interior columns,
a, =430 for edge columns, and (ACI 11.11.2.1)
20  for corner columns.

A limit is imposed on the value of ,/f', as:

Jf' <100 (ACI11.1.2)

4534 Computation of Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section.

_ W n JvaAMy, =V (Vs = Yl la (Vs — ¥3) = 1os (X = %)]
bod I22|33 - |232
YvaM 5 =V (% = )15, (X, = X5) = 155 (Y, — ¥5)]

2
|22|33_|23

VU
Eq.1
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n
l,, = z I,,, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eq. 2

n
Iy = z l,;, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eqg. 3

n
I, = Z I ,,, where "sides" refers to the sides of the critical section

sides =1

for punching shear Eq. 4

The equations for 1,,,l,,,and I, are different depending on whether the

side of the critical section for punching shear being considered is parallel to
the 4-axis or parallel to the 3-axis. Refer to Figure 4-4.

1,, =Ld(y, - ¥,)?, for the side of the critical section parallel

to the 4-axis Eqg. 5a
—  Ld® d® ) . . .
I, SETE + el + Ld(y, —y;)°, for the side of the critical section
parallel to the 3-axis Eq. 5b
T Ld®  dLl®

="y + el + Ld(x, — x3)2, for the side of the critical section

parallel to the 4-axis Eg. 6a

I, = Ld(x, — X;)?, for the side of the critical section parallel
to the 3-axis Eq. 6b
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Side of critical section
Critical section for X, - X being considered
punching shear shown solid
shown by heavy line

/Center of side of critical
) ] section being considered.
Centroid of entire

e ) L Coordinates are (X,,Y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s = wf\—=—
yz - y3 2

Plan View For Side of Critical Section Parallel to 3-Axis
Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire
critical section for $
punching shear. Center of side of critical

Coordinates are (X,,Y,). -—,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis
Work This Sketch With Equations 5a, 6a and 7

Figure 4-4 Shear Stress Calculations at Critical Sections

Is = Ld (X, — X;)(Y, — Y5), for side of critical section parallel
to 4-axis or 3-axis Eq. 7

NOTE: |,; is explicitly set to zero for corner condition.

where,

bo = Perimeter of the critical section for punching shear

d = Effective depth at the critical section for punching shear based on the
average of d for 2 direction and d for 3 direction

= Moment of inertia of the critical section for punching shear about an axis

that is parallel to the local 4-axis
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My =

Muz =

453.5

Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 3-axis

Product of the inertia of the critical section for punching shear with re-
spect to the 2 and 3 planes

Length of the side of the critical section for punching shear currently
being considered

Moment about the line parallel to the 4-axis at the center of the column
(positive in accordance with the right-hand rule)

Moment about the line parallel to the 3-axis at the center of the column
(positive in accordance with the right-hand rule)

Punching shear stress
Shear at the center of the column (positive upward)
Coordinates of the column centroid

Coordinates of the center of one side of the critical section for punching
shear

Coordinates of the centroid of the critical section for punching shear
Coordinates of the location where stress is being calculated
Percent of My; resisted by shear

Percent of Mys resisted by shear

Determine Capacity Ratio

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section. The ratio of the max-
imum shear stress and the concrete punching shear stress capacity is reported as
the punching shear capacity ratio by ETABS. If this ratio exceeds 1.0, punching
shear reinforcement is designed as described in the following section.
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454

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 6 inches, and not less
than 16 times the shear reinforcement bar diameter (ACI 11.11.3). If the slab
thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is de-
scribed in the subsections that follow.

45.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is limited to:

v, < @21,/ ', for shear links (ACI 11.11.3.1)
V., < @344 f'. for shear studs (ACI 11.11.5.1)

45.4.2 Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vimax = 64/ /. bod for shear links (ACI111.11.3.2)
Vimax = 84/ T/ bod for shear studs (ACl111.115.1)

Given Vy, V¢, and Vmay, the required shear reinforcement is calculated as follows,
where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3).

A _(V-oV) (ACI 11.4.7.1,11.4.7.2)

s ¢f.d
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2/[f'b
A, S for shear studs (ACI 11.115.1)
S
y

» If V> @Vmax, a failure condition is declared. (ACI11.11.3.2)

= |f Vy exceeds the maximum permitted value of ¢Vma, the concrete section
should be increased in size.

45.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 4-6 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner

column.
Typical Studrail Outermost Out_ermost )
(only first and last peripheral line N peripheral line
studs shown) of studs N— of studs Free
_—1 - zé 42 _ edge
, — RN d/2 l,
B s
= T
1 *: Ly o— W=t — X O [ !
1 ; 0 | e
I—= Critical J d/2
Y . .
N i section %%
S i centroid ~ Free /I 4 I ZANN
i - edge VT O\ )
y Free edge _/ lx\>/ Criltical section
N —'\,— centroid
| —— |x
Interior Column Edge Column Corner Column

Figure 4-6 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2(ACI R11.3.3, 11.11.5.2. The spacing between adjacent
shear reinforcement in the first line (perimeter) of shear reinforcement shall not
exceed 2d measured in a direction parallel to the column face (ACI 11.11.3.3).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
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shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

45.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in ACI 7.7 plus half of the
diameter of the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
3/8-, 1/4-, 5/8-, and 3/4-inch diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not
exceed 2d, and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

So< 0.5d (ACI 11.11.5.2)

< {0.75d for v, <6pA/T.
S<

(ACI 11.11.5.2)
050d for v, >6¢4./f,

g<ad (ACI111.11.5.3)
The limits of s, and the spacing, s, between for the links are specified as:
So < 0.5d (ACI11.11.3)

$<0.50d (ACI 11.11.3)
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Chapter 05
Design for AS 3600-09

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Australian code AS 3600-2009 [AS 2009]
is selected. Various notations used in this chapter are listed in Table 5-1. For
referencing to the pertinent sections of the AS code in this chapter, a prefix “AS”
followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

5.1 Notations

Notations

Table 5-1 List of Symbols Used in the AS 3600-2009 Code

Aq Gross area of concrete, mm?
A Area of longitudinal reinforcement for torsion, mm?
Asc Area of compression reinforcement, mm?
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5-

2

Table 5-1 List of Symbols Used in the AS 3600-2009 Code

Ast

Ast(re—
quired)

As

Asv,min

As /s
AswlS

At

dp

amax

bef

dom

Ds
Ec
Es

c

f Icf

Notations

Area of tension reinforcement, mm?

Area of required tension reinforcement, mm?

Area of shear reinforcement, mm?
Minimum area of shear reinforcement, mm?
Area of shear reinforcement per unit length, mm? /mm

Area of shear reinforcement per unit length consisting of closed
ties, mm?/mm

Area of a polygon with vertices at the center of longitudinal bars at
the corners of a section, mm?

Depth of compression block, mm

Depth of compression block at balanced condition, mm
Maximum allowed depth of compression block, mm

Width of member, mm

Effective width of flange (flanged section), mm

Width of web (flanged section), mm

Depth to neutral axis, mm

Distance from compression face to tension reinforcement, mm
Concrete cover to compression reinforcement, mm

Distance from the extreme compression fiber to the centroid of the
outermost tension reinforcement, mm

Mean value of d,, averaged around the critical shear perimeter,
mm

Overall depth of a section, mm

Thickness of slab (flanged section), mm
Modulus of elasticity of concrete, MPa

Modulus of elasticity of reinforcement, MPa
Specified compressive strength of concrete, MPa

Characteristic flexural tensile strength of concrete, MPa
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Table 5-1 List of Symbols Used in the AS 3600-2009 Code

&

&c, max

Concrete shear strength, MPa

Specified yield strength of flexural reinforcement, MPa
Specified yield strength of shear reinforcement, MPa
Stress in the compression reinforcement, MPa

Torsional modulus, mm?

Ratio of the depth to the neutral axis from the compression face, to
the effective depth, d

Reduced ultimate strength in bending without axial force, N-mm
Factored moment at section, N-mm

Factored axial load at section, N

Spacing of shear reinforcement along the strip, mm

Torsional strength of section without torsional reinforcement, N-
mm

Maximum permitted total factored torsion at a section, N-mm
Torsion strength of section with torsion reinforcement, N-mm
Factored torsional moment at a section, N-mm

Perimeter of the polygon defined by At, mm

Factored shear force at a section, N

Maximum permitted total factored shear force at a section, N
Shear strength provided by minimum shear reinforcement, N

Shear force resisted by concrete, N

Shear force resisted by reinforcement, N

Factor for obtaining depth of compression block in concrete

Ratio of the maximum to the minimum dimensions of the punch-
ing critical section

Strain in concrete

Maximum usable compression strain allowed in extreme concrete
fiber, (0.003 mm/mm)
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Table 5-1 List of Symbols Used in the AS 3600-2009 Code

& Strain in reinforcement

) Strength reduction factor

G Angle of compression strut for torsion, degrees
a Angle of compression strut for shear, degrees

5.2 Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For AS 3600-09, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be defined (AS 2.4.2):

1.35D (AS/NZS 1170.0-02, 4.2.2(a))
12D+ 151 (AS/NZS 1170.0-02, 4.2.2(b))
1.2D + 1.5(0.75 PL) (AS/NZS 1170.0-02, 4.2.2(b))
1.2D +0.4L +1.0S (AS/NZS 1170.0-02, 4.2.2(g))
0.9D + 1.0W (AS/NZS 1170.0-02, 4.2.2(€))
1.2D + 1.0W (AS/NZS 1170.0-02, 4.2.2(d))
1.2D + 0.4L + 1.0W (AS/NZS 1170.0-02, 4.2.2(d))
1.0D + 1.0E (AS/NZS 1170.0-02, 4.2.2(f))
1.0D + 0.4L + 1.0E (AS/NZS 1170.0-02, 4.2.2(f))

Note that the 0.4 factor on the live load in three of the combinations is not valid
for live load representing storage areas. These are also the default design load
combinations in ETABS whenever the AS 3600-2009 code is used. If roof live
load is treated separately or other types of loads are present, other appropriate
load combinations should be used.
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5.3 Limits on Material Strength

The upper and lower limits of f'care 100 MPa and 20 MPa, respectively, for all
framing types (AS 3.1.1.1(b)).

f' <100MPa (AS 3.1.1.1)
f' >20MPa (AS 3.1.1.1)

The upper limit of f, is 500 MPa for all frames (AS 3.2.1, Table 3.2.1).

The code allows use of f'; and fsy beyond the given limits, provided special care
is taken regarding the detailing and ductility (AS 3.1.1, 3.2.1, 17.2.1.1).

ETABS enforces the upper material strength limits for flexure and shear design
o0 slabs. The input material strengths are taken as the upper limits if they are
defined in the material properties as being greater than the limits. The user is
responsible for ensuring that the minimum strength is satisfied.

5.4 Strength Reduction Factors

The strength reduction factor, ¢, is defined as given in AS 2.2.2(ii), Table 2.2.2:
For members with Class N reinforcement only
¢ =0.80 for flexure (tension controlled) (Table 2.2.2(b))
¢=0.60 for flexure (compression controlled) (Table 2.2.2(b))

For members with Class L reinforcement

¢ =0.64 for flexure (tension controlled) (Table 2.2.2(b))
¢=0.60 for flexure (compression controlled) (Table 2.2.2(b))
¢=0.70 for shear and torsion (Table 2.2.2(b))

These values can be overwritten; however, caution is advised.
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5-

5.5 Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

5.5.1 Design Flexural Reinforcement

6

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

Slab Design
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55.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

55.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression rein-
forcement by increasing the effective depth, the width, or the strength of the
concrete. Note that the flexural reinforcement strength, fy, is limited to 500MPa
(AS 3.2.1), even if the material property is defined using a higher value.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 5-1 (AS 8.1.2).

The following assumptions apply to the stress block used to compute the flexural
bending capacity of rectangular sections (AS 8.1.2).

= The maximum strain in the extreme compression fiber is taken as 0.003 (AS
8.1.3(a)).

= A uniform compressive stress of a f'c acts on an area (AS 8.1.3(b)) bounded
by:

— The edges of the cross-sections.

— A line parallel to the neutral axis at the strength limit under the loading con-
cerned, and located at a distance jk,d from the extreme compression
fiber.
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The maximum allowable depth of the rectangular compression block, amax, is

given by
8, = 7k, d where, (AS 8.1.3(b))
a,=1.0-0.003f ', where, 0.67<0,<0.85 (AS 8.1.3(1))
y=1.05-0.007 f ', where, 0.67<y<0.85 (AS 8.1.3(2))
k.= 0.36 (AS 8.1.5)

The design procedure used by ETABS for both rectangular and flanged sections
(L- and T-shaped sections) is summarized in the following subsections. It is as-
sumed that the design ultimate axial force does not exceed (Asfsy>0.15N") (AS
10.7.1a); hence, all slabs are designed for major direction flexure, shear, and
torsion only.

55.1.3 Design of uniform thickness slab

In designing for a factored negative or positive moment, M(i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 5-1), where,

(AS 8.1.3)
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-—— ) —— - -

£=0.003 @ f!

7 : k 7 T, T
C;
/fics d c a=yk,d

d
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-j ~—‘+ 6‘5 ‘?—; I::s
4
() BEAM () STRAIN (Ill) STRESS
SECTION DIAGRAM DIAGRAM

Figure 5-1 Uniform Thickness Slab Design

where, the value of ¢ is taken as that for a tension controlled section (ky < 0.36),
which by default is 0.80 (AS 2.2.2) in the preceding and following equations.
The selection of Reinforcement Class can be made using the Design Preferences.

* If a < amax, the area of tension reinforcement is then given by:

*

M
a
(s3]

This reinforcement is to be placed at the bottom if M” is positive, or at the top
if M” is negative.

Ay =

» If a > amay, i.€., ky > 0.36, compression reinforcement is required (AS 8.1.5)
and is calculated as follows:

The compressive force developed in the concrete alone is given by:
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C=a,f ' ba,,, (AS 8.1.3)

and the moment resisted by concrete compression and tension reinforcement
is:

a
M, =C| d - mx
uc [ 2 j¢

Therefore, the moment required to be resisted by compression reinforcement
and tension reinforcement is:

I\/Iuszlvl*_l\/luc

The required compression reinforcement is given by:

M
A =70, = —, where
© o (f—mapf)(d-d)g
, c—d'
fi= 0.00SE{ }g fy (AS8.1.2.1,3.2.2)
c
The required tension reinforcement for balancing the compression in the con-
crete is:
M uc
ASl - f d _ amax ¢
sy 2
and the tension reinforcement for balancing the compression reinforcement is
given by:
M
As — us -
i fy (d —d )¢

Therefore, the total tension reinforcement is Ast = As1 + As2, and the total com-
pression reinforcement is Asc. Ast is to be placed at the bottom and A is to be
placed at the top if M” is positive, and vice versa if M is negative.
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55.1.4 Design of nonuniform thickness slab

In designing a nonuniform thickness slab, a simplified stress block, as shown in
Figure 5-2, is assumed if the flange is under compression, i.e., if the moment is
positive. If the moment is negative, the flange comes under tension, and the
flange is ignored. In that case, a simplified stress block similar to that shown in
Figure 5-1 is assumed on the compression side (AS 8.1.5).

‘ | ~0.003 af. of
e e s A s R
7 2.1 o/ [ 1 B2
d i s
A T a=yk,d Cr
c
| =
r [ Z L L -
T, T. T
4 £ i
s "
(I) BEAM (I) STRAIN (I) STRESS
SECTION DIAGRAM DIAGRAM

Figure 5-2 T- Nonuniform Thickness Slab Design

55.15 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M" (i.e., designing top reinforce-
ment), the calculation of the reinforcement is exactly the same as above, i.e., no
flanged data is used.

55.1.6 Flanged Slab Section Under Positive Moment
If M" > 0, the depth of the compression block is given by:

*

a=d- dz_i
azflcwa

where, the value of ¢ is taken as that for k, < 0.36, which is 0.80 by default (AS
2.2.2) in the preceding and the following equations.
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The maximum allowable depth of the rectangular compression block, amax, is
given by:

8, = /K, 0 where, k, = 0.36 (AS 8.1.5)

= |f a < Ds, the subsequent calculations for A are exactly the same as previously
defined for the uniform thickness slab design. However, in that case, the width
of the slkab is taken as br. Compression reinforcement is required when a >

amax-

= |f a > D, the calculation for As has two parts. The first part is for balancing
the compressive force from the flange, Cr, and the second part is for balancing
the compressive force from the web, Cy, as shown in Figure 5-2. Cs is given

by:
C,=a,f' (b, —b,)xmin(D, a,,) (AS 8.1.3(h))

C
Therefore, A, :f—f and the portion of M" that is resisted by the flange is
sy

given by:

2

min(Ds,amaX)j

My = @Cy Ld -

Therefore, the balance of the moment M” to be carried by the web is:
My = M- Mt

The web is a rectangular section of dimensions by and d, for which the design
depth of the compression block is recalculated as:

2M
=d - [d?-—w
a1 \/ azf,c¢bw

* If a; < amax, the area of tension reinforcement is then given by:
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&Zz%,and
ho-3)
Ast = A51+Asz

This reinforcement is to be placed at the bottom of the flanged slab.
= |f a1 > amax, cOMpression reinforcement is required and is calculated as follows:
The compression force in the web concrete alone is given by:
C,=a,f'.b,a (AS8.1.3)

C TwTmax

Therefore the moment resisted by the concrete web and tension reinforcement
Is:

a
M, =C,|d-——
uc W( 2 J¢

and the moment resisted by compression and tension reinforcement is:

Mus :'vluw_'vI

uc

Therefore, the compression reinforcement is computed as:

M
A= = —, where
©(fi-ayfy)(d-d')g
' Cmax_d'
f¢ =0.003E,| ——— < f,, (AS 8.1.2.1,
Cmax

3.2.2)
The tension reinforcement for balancing compression in the web concrete is:

M

Ay =t
amax
o=t )o
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and the tension reinforcement for balancing the compression reinforcement is:

MUS
Aa= f (d-d")¢

The total tensile reinforcement is Ast = As1 + As2 + Ags, and the total compression
reinforcement is Asc. Ast iS to be placed at the bottom and A is to be placed at
the top.

55.1.7 Minimum and Maximum Reinforcement

The minimum flexural tensile reinforcement required for each direction of a slab
is given by the following limits (AS 9.1.1):

2 f'
A = 0.24[%) f°—”bh for flat slabs (AS 9.1.1(a))

sy, f

2 f'
A5:0.19(§j “Lph

fsy,f
for slabs supported by beams/walls and slab footings. (AS 9.1.1(b))

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area.

5.5.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, V".
= Determine the shear force, Vi, that can be resisted by the concrete.

= Determine the shear reinforcement required to carry the balance.
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The following three sections describe in detail the algorithms associated with
these steps.

55.2.1 Determine Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

5522 Determine Concrete Shear Capacity

The shear force carried by the concrete, Vi, is calculated as:

Ve = BBBb, 4, T, {b':;‘o Ts (AS 8.2.7.1)
where,
fr,=(f)" <4MPa (AS8.2.7.1)
B, :1.1[1.6— d, j21.1 (AS8.2.7.1)
1000
p2=1,0r (AS 8.2.7.1)
N

J > 0 for members subject to significant axial tension, or

*

=1+ %] for members subject to significant axial compression.
9

5523 Determine Required Shear Reinforcement

The shear force is limited to:
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V, . =V, +0.6b,d, (AS 8.2.9)

u.min

V, o =0.2" bd, (AS 8.2.6)

Given V, Vi, and Vumax, the required shear reinforcement is calculated as fol-
lows, where, ¢, the strength reduction factor, is 0.75 by default (AS 2.2.2).

= IfV <oV, /2,
A =0, if D <750 mm; otherwise As.min Shall be provided. (AS 8.2.5).
s
"1 (Ve /2) <V <V, i,

ﬁ:o, if D < bw/2 or 250 mm, whichever is greater (AS 8.2.5(c)(i));
S

otherwise Asv.min Shall be provided.

= If ¢Vu.min <V* S¢Vu.max1

ﬁ_ (V*_¢Vuc)

= : (AS 8.2.10)
s ¢f ¢d,cotd,
and greater than Asy.min, defined as:
Aumin _| ¢ 35_Pu (AS8.2.8)
S fo s

& = the angle between the axis of the concrete compression strut and the lon-
gitudinal axis of the member, which varies linearly from 30 degrees when
V=@V min t0 45 degrees when V'=¢ Vi max.

= If V' > ¢V, afailure condition is declared. (AS 8.2.6)

= If V" exceeds its maximum permitted value ¢Vmax, the concrete section size
should be increased (AS 8.2.6).
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Note that if torsion design is considered and torsion reinforcement is required,
the calculated shear reinforcement is ignored. Closed stirrups are designed for
combined shear and torsion according to AS 8.3.4(b).

The maximum of all of the calculated As,/s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated inde-
pendently of the program by the user.

5.5.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

5531 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of dom/2 from
the face of the support (AS 9.2.1.1). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (AS 9.2.1.3). Figure 5-3 shows the auto
punching perimeters considered by ETABS for the various column shapes. The
column location (i.e., interior, edge, corner) and the punching perimeter may be
overwritten using the Punching Check Overwrites.
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d/2

Interior Column Edge Column

—_—

PN d/2

[SRPENGERPEI /S

Circular Column T-Shape Column L-Shape Column

Figure 5-3 Punching Shear Perimeters

5532 Determine Concrete Capacity

The shear capacity, f,,, is calculated based on the minimum of the two expres-

sions from AS 9.2.3, as shown, with the dom and u terms removed to convert
force to stress.

0.17(1+3]Jf_;
f, =min B

h

(AS 9.2.3(a))
0.34./f/

where, S is the ratio of the longest dimension to the shortest dimension of the
critical section.

55.3.3 Determine Maximum Shear Stress

The maximum design shear stress is computed along the major and minor axis
of column separately using the following equation:
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v =V |10+ UM (AS 9.2.4(2))
ud,,, 8V ad,,

5.5.34 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

5.5.4 Design Punching Shear Reinforcement

The design guidelines for shear links or shear studs are not available in AS 3600-
2009. ETABS uses the NZS 3101-06 guidelines to design shear studs or shear
links.

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 150 mm, and not less
than 16 times the shear reinforcement bar diameter (NZS 12.7.4.1). If the slab
thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is car-
ried out as described in the subsections that follow.

554.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

554.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of;

Vimax = 3 Vymin = 3*Vy (AS 924(&), (d))
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where V, is computed from AS 9.2.3 or 9.2.4. Given V*, V,, and Vymax, the
required shear reinforcement is calculated as follows, where, ¢ is the strength
reduction factor.

Ay (V__ M) (AS 8.2.10)

S foydom

Minimum punching shear reinforcement should be provided such that:

V, Z%w/f ‘ud,, (NZS 12.7.4.3)
= If V' > ¢Vmax, a failure condition is declared. (NZS 12.7.3.4)

= If V" exceeds the maximum permitted value of ¢Vmax, the concrete section
should be increased in size.

554.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 5-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 2d measured in a
direction parallel to the column face (NZS 12.7.4.4).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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Typical Studrail Outermost
(only first and last

studs shown) —L

TR 02

of studs

Interior Column

peripheral line
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Free edge _/

—

Outermost
peripheral line

of studs

Critical
section
centroid

Edge Column

Free /I

edge

_N

\
N\
Criltical section

\N— centroid

Corner Column

Figure 5-4 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

5.5.4.4

Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in NZS 3.11 plus one-half of the
diameter of the flexural reinforcement.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 2d and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

So < 0.5d
s < 0.5d

g<2d

(NZS 12.7.4.4)
(NZS 12.7.4.4)

(NZS 12.7.4.4)
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Chapter 6
Design for AS 3600-01

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Australian code AS 3600-2001 [AS 2001]
is selected. Various notations used in this chapter are listed in Table 6-1. For
referencing to the pertinent sections of the AS code in this chapter, a prefix “AS”
followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

6.1 Notations

Notations

Table 6-1 List of Symbols Used in the AS 3600-2001 Code

Aq Gross area of concrete, mm?
A Area of longitudinal reinforcement for torsion, mm?
As Area of tension reinforcement, mm?
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Table 6-1 List of Symbols Used in the AS 3600-2001 Code

Asc

Ast
Asrequired)
Ay
Asv,min
A /s
Asuls

At

dp

amax

dom

D

Ds
Ec
Es

c

f Icf

6-2 Notations

Area of compression reinforcement, mm?

Area of tension reinforcement, mm?

Area of required tension reinforcement, mm?

Area of shear reinforcement, mm?

Minimum area of shear reinforcement, mm?

Area of shear reinforcement per unit length, mm? /mm

Area of shear reinforcement per unit length consisting of closed
ties, mm?/mm

Area of a polygon with vertices at the center of longitudinal bars at
the corners of a section, mm?

Depth of compression block, mm

Depth of compression block at balanced condition, mm
Maximum allowed depth of compression block, mm

Width of member, mm

Effective width of flange (flanged section), mm

Width of web (flanged section), mm

Depth to neutral axis, mm

Distance from compression face to tension reinforcement, mm
Concrete cover to compression reinforcement, mm

Distance from the extreme compression fiber to the centroid of the
outermost tension reinforcement, mm

Mean value of d,, averaged around the critical shear perimeter,
mm

Overall depth of a section, mm

Thickness of slab (flanged section), mm
Modulus of elasticity of concrete, MPa

Modulus of elasticity of reinforcement, MPa
Specified compressive strength of concrete, MPa

Characteristic flexural tensile strength of concrete, MPa
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Table 6-1 List of Symbols Used in the AS 3600-2001 Code

fov Concrete shear strength, MPa

foy Specified yield strength of flexural reinforcement, MPa

foy Specified yield strength of shear reinforcement, MPa

s Stress in the compression reinforcement, MPa

Ji Torsional modulus, mm?

Ky Ratio of the depth to the neutral axis from the compression face, to
the effective depth, d

Mud Reduced ultimate strength in bending without axial force, N-mm

M* Factored moment at section, N-mm

N* Factored axial load at section, N

S Spacing of shear reinforcement along the strip, mm

Tue Torsional strength of section without torsional reinforcement, N-
mm

Tu.max Maximum permitted total factored torsion at a section, N-mm

Tus Torsion strength of section with torsion reinforcement, N-mm

T Factored torsional moment at a section, N-mm

Ut Perimeter of the polygon defined by A;, mm

V* Factored shear force at a section, N

Vu.max Maximum permitted total factored shear force at a section, N

Vu.min Shear strength provided by minimum shear reinforcement, N

Ve Shear force resisted by concrete, N

Vus Shear force resisted by reinforcement, N

71 Factor for obtaining depth of compression block in concrete

h Ratio of the maximum to the minimum dimensions of the punch-
ing critical section

& Strain in concrete

. max Maximum usable compression strain allowed in extreme concrete

fiber, (0.003 mm/mm)
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Table 6-1 List of Symbols Used in the AS 3600-2001 Code

& Strain in reinforcement

) Strength reduction factor

G Angle of compression strut for torsion, degrees
a Angle of compression strut for shear, degrees

6.2  Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For AS 3600-01, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be defined (AS 3.3.1):

1.35D (AS/NZS 1170.0-02, 4.2.2(a))
12D+ 151 (AS/NZS 1170.0-02, 4.2.2(b))
1.2D + 1.5(0.75 PL) (AS/NZS 1170.0-02, 4.2.2(b))
1.2D +0.4L +1.0S (AS/NZS 1170.0-02, 4.2.2(g))
0.9D + 1.0W (AS/NZS 1170.0-02, 4.2.2(€))
1.2D + 1.0W (AS/NZS 1170.0-02, 4.2.2(d))
1.2D + 0.4L + 1.0W (AS/NZS 1170.0-02, 4.2.2(d))
1.0D + 1.0E (AS/NZS 1170.0-02, 4.2.2(f))
1.0D + 0.4L + 1.0E (AS/NZS 1170.0-02, 4.2.2(f))

Note that the 0.4 factor on the live load in three of the combinations is not valid
for live load representing storage areas. These are also the default design load
combinations in ETABS whenever the AS 3600-2001 code is used. If roof live
load is treated separately or other types of loads are present, other appropriate
load combinations should be used.
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6.3

6.4

Limits on Material Strength

The upper and lower limits of f'c are 65 MPa and 20 MPa, respectively, for all
framing types (AS 6.1.1.1(b)).

f' <65MPa (AS 6.1.1.1)
f' >20MPa (AS 6.1.1.1)

The upper limit of f, is 500 MPa for all frames (AS 6.2.1, Table 6.2.1).

The code allows use of f'; and fsy beyond the given limits, provided special care
is taken regarding the detailing and ductility (AS 6.1.1, 6.2.1, 19.2.1.1).

ETABS enforces the upper material strength limits for flexure and shear design
of slabs. The input material strengths are taken as the upper limits if they are
defined in the material properties as being greater than the limits. The user is
responsible for ensuring that the minimum strength is satisfied.

Strength Reduction Factors

The strength reduction factor, ¢, is defined as given in AS 2.3(c), Table 2.3:
¢ =0.80 for flexure (tension controlled) (AS 2.3(c))
¢=0.70 for shear and torsion (AS 2.3(c))

These values can be overwritten; however, caution is advised.

6.5 Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

Limits on Material Strength  6-5



ETABS Reinforced Concrete Design

6 -

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

6.5.1 Design Flexural Reinforcement

6

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

6.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab

Slab Design
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may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

6.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression rein-
forcement by increasing the effective depth, the width, or the strength of the
concrete. Note that the flexural reinforcement strength, fy, is limited to 500MPa
(AS 6.2.1), even if the material property is defined using a higher value.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 6-1 (AS 8.1.2.2).

The following assumptions are used for the stress block used to compute the
flexural bending capacity of rectangular sections (AS 8.1.2.2).

= The maximum strain in the extreme compression fiber is taken as 0.003.
= A uniform compressive stress of 0.85f"¢ acts on an area bounded by:
— The edges of the cross-sections.

— A line parallel to the neutral axis at the strength limit under the loading con-
cerned, and located at a distance jk.d from the extreme compression
fiber.

The maximum allowable depth of the rectangular compression block, amax, is
given by

A, =K, d where, (AS8.1.3)
y =[0.85-0.007(f'.-28)]
0.65<y<0.85 (AS 8.1.2.2)

ke =0.4
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The design procedure used by ETABS for both rectangular and flanged sections
(L- and T-shaped sections) is summarized in the following subsections. It is as-
sumed that the design ultimate axial force does not exceed (Asfsy>0.15N") (AS
10.7.1a); hence, all slabs are designed for major direction flexure, shear, and
torsion only.

6.5.1.3 Design of uniform thickness slab

In designing for a factored negative or positive moment, M(i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 6-1), where,

2M”
a=d —\/d2 —OSLW (AS 8.1.2.2)

£=0.003 0.85f/

-~ pb—— > —_—

7
o |
(@]
A
0

a=yk,d

d
® ® L, >
4 T T
J .<—>* Es s cs
A
(I) BEAM (I) STRAIN (Ill) STRESS
SECTION DIAGRAM DIAGRAM

Figure 6-1 Uniform Thickness Slab Design

where, the value of ¢ is taken as that for a tension controlled section (k, < 0.4),
which by default is 0.80 (AS 2.3) in the preceding and following equations.
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If a < amax, the area of tension reinforcement is then given by:

*

M

A=—7—
a
a3

This reinforcement is to be placed at the bottom if M” is positive, or at the top
if M” is negative.

If a> amax, i.€., ky > 0.4, compression reinforcement is required (AS 8.1.3) and
is calculated as follows:

The compressive force developed in the concrete alone is given by:

C=0.85f"ha,, (AS8.1.2.2)

and the moment resisted by concrete compression and tension reinforcement
is:

a
M, =C| d —mex
uc [ 2 j¢

Therefore, the moment required to be resisted by compression reinforcement
and tension reinforcement is:

Mus:M*_Muc

The required compression reinforcement is given by:

MUS
= , Where
Ae (f',—0.85f')(d—d")¢
, c—d'
fl= 0.003ES[ }g fy (AS8.1.2.1,6.2.2)
c

The required tension reinforcement for balancing the compression in the con-
crete is:
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and the tension reinforcement for balancing the compression reinforcement is

M C
A, = ua
|-
given by:
MUS
T (a0

Therefore, the total tension reinforcement is As = As1 + As2, and the total com-
pression reinforcement is Asc. Ast is to be placed at the bottom and A is to be
placed at the top if M” is positive, and vice versa if M is negative.

6.5.14

In designing a flanged shaped section, a simplified stress block, as shown in
Figure 6-2, is assumed if the flange is under compression, i.e., if the moment is
positive. If the moment is negative, the flange comes under tension, and the
flange is ignored. In that case, a simplified stress block similar to that shown in
Figure 6-1 is assumed on the compression side (AS 8.1.3).

=0.003
| | ¢
e e T W
- {L
d| fq
A ¥
C
T
r . 4 L
A F—H
b, =
(1) BEAM (I) STRAIN
SECTION DIAGRAM
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Design of nonuniform thickness slab
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6.5.1.4.1.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M" (i.e., designing top reinforce-
ment), the calculation of the reinforcement is exactly the same as above, i.e., no
flanged data is used.

6.5.1.4.1.2 Flanged Slab Section Under Positive Moment
If M" > 0, the depth of the compression block is given by:

a:d— dZ_L*
0.85"_gb.

where, the value of ¢ is taken as that for k, < 0.4, which is 0.80 by default (AS
2.3) in the preceding and the following equations.

The maximum allowable depth of the rectangular compression block, amax, IS
given by:

A, = /K, 0 where, k, = 0.4 (AS8.1.3)

= |f a < Ds, the subsequent calculations for A are exactly the same as previously
defined for the uniform thickness slab design. However, in that case, the width
of the slkab is taken as b:. Compression reinforcement is required when a >

amax-

= If a > Ds, the calculation for At has two parts. The first part is for balancing
the compressive force from the flange, Cs, and the second part is for balancing
the compressive force from the web, Cy, as shown in Figure 6-2. Cs is given

by:

C, =0.85f" (b, —b, )xmin(D, a,,,) (AS8.1.2.2)
Cf n * n A i
Therefore, A, :f_ and the portion of M" that is resisted by the flange is
sy
given by:
min(D,,a,,,,
M uf = ¢Cf (d - ( 2 )j

Therefore, the balance of the moment, M" to be carried by the web is:
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Muw = M* - Muf

The web is a rectangular section of dimensions by and d, for which the design
depth of the compression block is recalculated as:

2M
=d- [d?-——""w
% \/ 0.85f. ¢ b,

= If a1 < amax, the area of tension reinforcement is then given by:

Aﬂ:%,and
h(o-3)
A=A+ A,

This reinforcement is to be placed at the bottom of the flanged slab.

= If a1 > amax, cOMpression reinforcement is required and is calculated as follows:
The compression force in the web concrete alone is given by:

C,=085f"b,a (AS 8.1.2.2)

C Tw T max

Therefore the moment resisted by the concrete web and tension reinforcement
is:

a
M, =C,|d - mex
uc W( 2 ]¢

and the moment resisted by compression and tension reinforcement is:

Mus :'vluw_lvI

uc

Therefore, the compression reinforcement is computed as:

MS
= u , wh
e =t ot )(d-dg
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6.5.2

Crnax — d’

! :0.0035{ }s f, (AS 8.1.2.1,

Cmax

6.2.2)

The tension reinforcement for balancing compression in the web concrete is:

MLIC
A, = a
oo
and the tension reinforcement for balancing the compression reinforcement is:
M
Ap=— i
fSy (d —d )¢

The total tensile reinforcement is Ast = As1 + As2 + Ags, and the total compression
reinforcement is Asc. At IS to be placed at the bottom and A is to be placed at
the top.

6.5.1.5 Minimum and Maximum Reinforcement

The minimum flexural tensile reinforcement required for each direction of a slab
is given by the following limits (AS 9.1.1):

As > 0.0025 bh for flat slabs (AS9.1.1(a))
As > 0.0020 bh for slabs supported by beams/walls and slab footings
(AS 9.1.1(b))

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area.

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

Slab Design  6-13



ETABS Reinforced Concrete Design

= Determine the factored shear force, V".
= Determine the shear force, V., that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

6.5.2.1 Determine Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

6.5.2.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, Vyc, is calculated as:

AT
V. :[31,82,83de0[ btd C} (AS8.2.7.1)
where,
d
B :1.1[1.6—108()}21.1 (AS8.2.7.1)
p2=1,0r (AS 8.2.7.1)
NE

3.5A, ] > 0 for members subject to significant axial tension, or

*

=1+ QI—A] for members subject to significant axial compression.
9
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6.5.2.3 Determine Required Shear Reinforcement

The shear force is limited to:

V, . =V, +0.6b,d, (AS 8.2.9)

u.min

V, o =0.2" bd, (AS 8.2.6)

Given V", Vi, and Vumax, the required shear reinforcement is calculated as fol-
lows, where, ¢, the strength reduction factor, is 0.6 by default (AS 2.3).

= If VT <@V, /2,
Av =0, if D <750 mm; otherwise Asv.min Shall be provided. (AS 8.2.5).
s

= |f (¢Vuc /2) <V* < ¢Vu.min’

A =0, if D < bw/2 or 250 mm, whichever is greater (AS 8.2.5(c)(i));
S

otherwise Asv.min Shall be provided.

oI BV, <V <OV

u.max:

V* “PVuc
ﬁ:w, (AS 8.2.10)
s ¢fy¢d,coté,

and greater than Asy.min, defined as:

AsTm _ [0,35 b, J (AS 8.2.8)

sy. f

& = the angle between the axis of the concrete compression strut and the lon-
gitudinal axis of the member, which varies linearly from 30 degrees when
V=@V min t0 45 degrees when V'=¢ Vi max.

= If V" >¢V,.,, afailure condition is declared. (AS 8.2.6)

Slab Design  6-15



ETABS Reinforced Concrete Design

6.5.3

= If V" exceeds its maximum permitted value @Vmax, the concrete section size
should be increased (AS 8.2.6).

Note that if torsion design is considered and torsion reinforcement is required,
the calculated shear reinforcement is ignored. Closed stirrups are designed for
combined shear and torsion according to AS 8.3.4(b).

The maximum of all of the calculated As/s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated inde-
pendently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

6.5.3.1  Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of dom/2 from
the face of the support (AS 9.2.1.1). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (AS 9.2.1.3). Figure 6-3 shows the auto
punching perimeters considered by ETABS for the various column shapes. The
column location (i.e., interior, edge, corner) and the punching perimeter may be
overwritten using the Punching Check Overwrites.
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Figure 6-3Punching Shear Perimeters

6.5.3.2 Determine Concrete Capacity

The shear capacity, f,, is calculated based on the minimum of the two expres-

sions from AS 3600-01 equation 11-35, as shown, with the dom and u terms re-
moved to convert force to stress.

0.17(1+£]\/f7;
f., =min B

h

(AS 9.2.3(a))
0.34,/f/

where, S is the ratio of the longest dimension to the shortest dimension of the
critical section.

6.5.3.3 Determine Maximum Shear Stress

The maximum design shear stress is computed along the major and minor axis
of column separately using the following equation:
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6.5.4

*

v =V |10 UM (AS 9.2.4(2))
ud,, 8V ad,,

6.5.3.4 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The design guidelines for shear links or shear studs are not available in AS 3600-
2001. ETABS uses the NZS 3101-06 guidelines to design shear studs or shear
links.

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 150 mm, and not less
than 16 times the shear reinforcement bar diameter (NZS 12.7.4.1). If the slab
thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is car-
ried out as described in the subsections that follow.

6.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

6.5.4.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of;

Vimax = 3 Vymin = 3*Vy (AS 9224(&), (d))
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where V, is computed from AS 9.2.3 or 9.2.4. Given V*, V,, and Vymax, the
required shear reinforcement is calculated as follows, where, ¢ is the strength
reduction factor.

Ay M (AS 8.2.10)

S fsydOm

Minimum punching shear reinforcement should be provided such that:

V, 2%,” ‘ud,, (NZS 12.7.4.3)
= If V' > ¢Vmax, a failure condition is declared. (NZS 12.7.3.4)

= If V" exceeds the maximum permitted value of @Vmax, the concrete section
should be increased in size.

6.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 6-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 2d measured in a
direction parallel to the column face (NZS 12.7.4.4).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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Figure 6-4 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

6.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in NZS 3.11 plus half of the
diameter of the flexural reinforcement.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 2d and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

So< 0.5d (NZS 12.7.4.4)
s < 0.5d (NZS 12.7.4.4)
g < 2d (NZS 12.7.4.4)
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Chapter 7
Design for BS 8110-97

7.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the British code BS 8110-1997 [BSI 1997] is
selected. For light-weight concrete and torsion, reference is made to BS 8110-
2:1985 [BSI 1985]. Various notations used in this chapter are listed in Table 7-
1. For referencing to the pertinent sections of the British code BS 8110-1997 in
this chapter, a prefix “BS” followed by the section number is used.

The design is based on user-specified loading combinations. The program pro-
vides a set of default load combinations that should satisfy the requirements for
the design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 7-1 List of Symbols Used in the BS 8110-1997 Code

Ag Gross area of cross-section, mm?
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Table 7-1 List of Symbols Used in the BS 8110-1997 Code

Al Area of longitudinal reinforcement for torsion, mm?

As Area of tension reinforcement, mm?

As Area of compression reinforcement, mm?

Asy Total cross-sectional area of links at the neutral axis, mm?

Agvt Total cross-sectional area of closed links for torsion, mm?

Asv /Sy Area of shear reinforcement per unit length, mm2/mm

a Depth of compression block, mm

b Width or effective width of the section in the compression zone,
mm

by Width or effective width of flange, mm

bw Average web width of a flanged section, mm

C Torsional constant, mm®*

d Effective depth of tension reinforcement, mm

d Depth to center of compression reinforcement, mm

Ec Modulus of elasticity of concrete, MPa

Es Modulus of elasticity of reinforcement, assumed as 200,000 MPa

f Punching shear factor considering column location

feu Characteristic cube strength at 28 days, MPa

f's Stress in the compression reinforcement, MPa

fy Characteristic strength of reinforcement, MPa

T Characteristic strength of shear reinforcement, MPa

h Overall depth of a section in the plane of bending, mm
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Table 7-1 List of Symbols Used in the BS 8110-1997 Code

hy
hmin
hmax

K

ki
ka

ks

Msingle

Sv

Ve

Vmax

Flange thickness, mm
Smaller dimension of a rectangular section, mm

Larger dimension of a rectangular section, mm

Normalized design moment, '\Q“
bd“ f

cu

. M . . .
Maximum WE 4 for a singly reinforced concrete section, taken

cu
as 0.156 by assuming that moment redistribution is limited to
10%.

Shear strength enhancement factor for support compression

%
Concrete shear strength factor, [fCU / 25]

Shear strength reduction factor for light-weight concrete
Design moment at a section, N-mm

Limiting moment capacity as singly reinforced slab, N-mm
Spacing of the links along the length of the strip, mm
Design torsion at ultimate design load, N-mm

Perimeter of the punching critical section, mm

Design shear force at ultimate design load, N

Design shear stress at a slab cross-section or at a punching critical
section, MPa

Design concrete shear stress capacity, MPa

Maximum permitted design factored shear stress, MPa
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Table 7-1 List of Symbols Used in the BS 8110-1997 Code

Vi
X

Xpal

Po

Ym
&

&s

Torsional shear stress, MPa

Neutral axis depth, mm

Depth of neutral axis in a balanced section, mm
Lever arm, mm

Torsional stiffness constant

Moment redistribution factor in a member
Partial safety factor for load

Partial safety factor for material strength
Maximum concrete strain, 0.0035

Strain in tension reinforcement

Strain in compression reinforcement

7.2 Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. The design load combinations are ob-
tained by multiplying the characteristic loads by appropriate partial factors of
safety, #(BS 2.4.1.3). For BS 8110-1997, if a structure is subjected to dead (D),
live (L), pattern live (PL), snow (S), and wind (W) loads, and considering that
wind forces are reversible, the following load combinations may need to be con-
sidered (BS 2.4.3).

1.4D
1.4D + 1.6L

1.4D + 1.6(0.75PL)

1.0D £+ 1.4W
1.4D £ 1.4W
12D +1.2L+12W
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1.3

1.4

1.4D + 1.6L + 1.6S
12D +1.2S+1.2W (BS 2.4.3)
1.2D+1.2L+1.2S+1.2W

These are also the default design load combinations in ETABS whenever the BS
8110-1997 code is used. If roof live load is treated separately or other types of
loads are present, other appropriate load combinations should be used. Note that
the automatic combination, including pattern live load, is assumed and should
be reviewed before using for design.

Limits on Material Strength

The concrete compressive strength, f.,, should not be less than 25 MPa (BS
3.1.7.2). ETABS does not enforce this limit for flexure and shear design of slabs.
The input material strengths are used for design even if they are outside of the
limits. It is the user's responsibility to use the proper strength values while de-
fining the materials.

Partial Safety Factors

The design strengths for concrete and reinforcement are obtained by dividing the
characteristic strength of the material by a partial safety factor, y». The values of
7 used in the program are listed in the following table, as taken from BS Table
2.2 (BS2.4.4.1):

Values of yn for the Ultimate Limit State

Reinforcement 1.15
Concrete in flexure and axial load 1.50
Concrete shear strength without shear reinforcement 1.25

These factors are already incorporated into the design equations and tables in the
code. Note that for reinforcement, the default factor of 1.15 is for Grade 500
reinforcement. If other grades are used, this value should be overwritten as nec-
essary. Changes to the partial safety factors are carried through the design equa-
tions where necessary, typically affecting the material strength portions of the
equations.
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1.5

7.5.1

7-

6

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

Slab Design



Chapter 7 - Design for BS 8110-97

75.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

7.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding the compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 7-1 (BS 3.4.4.4). Furthermore, it is assumed that moment redistribution
in the member does not exceed 10% (i.e., Bo > 0.9; BS 3.4.4.4). The code also
places a limitation on the neutral axis depth, x/d < 0.5, to safeguard against non-
ductile failures (BS 3.4.4.4). In addition, the area of compression reinforcement
is calculated assuming that the neutral axis depth remains at the maximum per-
mitted value.

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped section) is summarized in the subsections that follow. It is as-
sumed that the design ultimate axial force does not exceed (0.1f. Ag) (BS
3.4.4.1); hence, all slabs are designed for major direction flexure, shear, and tor-
sion only.
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I O<sign of uniform thickness slab

For uniform thickness slab, the limiting moment capacity as a singly reinforced
slab, Msingie, IS first calculated for a section. The reinforcement is determined
based on M being greater than, less than, or equal to Msinge. See Figure 7-1.

= Calculate the ultimate limiting moment of resistance of the section as singly
reinforced.

Msingte = K'feu bl?, where (BS 3.4.4.4)

K'=0.156

Hbﬂ

A * a =T0.9x
/ / ] |

£=0.0035 0.67f,/y

o |
—_-
A
0

d
o -
j L TS Tcs
A &
() BEAM (1) STRAIN (Il STRESS
SECTION DIAGRAM DIAGRAM

Figure 7-1 Uniform Thickness Slab Design
= If M < Msingle, the area of tension reinforcement, As, is given by:

M
A, =———,, Where (BS 3.4.4.4)
0.87f,z
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= d(0.5+ Jo.zs-%j <0.95d (BS 3.4.4.4)

M
fo,bd?

cu

K =

(BS 3.4.4.4)

This reinforcement is to be placed at the bottom if M is positive, or at the top
if M is negative.

= If M > Msingle, cOMpression reinforcement is required and calculated as follows:

M — M,
single (BS 3.4.4.4)

(f's—()'ezfcuj(d—d')

where d' is the depth of the compression reinforcement from the concrete com-
pression face, and

Al =

f,
f',=0.87f, if d 4 <Ayl (BS 3.4.4.1, 2.5.3, Fig 2.2)
2|~ 800

: 2d | . g f, :
f'y=Ee|1-——|if ¢/ > L1 v | (853441, 253 Fig22)
d 2| 800

The tension reinforcement required for balancing the compression in the con-
crete and the compression reinforcement is calculated as:

Ivlsingle n I\/I_Msingle
0.87f,z 0.87f,(d-d)

=d(0.5+ ‘/0.25—%J:0.777d (BS 3.4.4.4)

A = , where (BS 3.4.4.4)
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I O<sign of nonuniform thickness slab

7.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

75.1.2.2.2 Flanged Slab Section Under Positive Moment

With the flange in compression, the program analyzes the section by considering
alternative locations of the neutral axis. Initially the neutral axis is assumed to
be located in the flange. Based on this assumption, the program calculates the
exact depth of the neutral axis. If the stress block does not extend beyond the
flange thickness, the section is designed as a uniform thickness slab of width b.
If the stress block extends beyond the flange depth, the contribution of the web
to the flexural strength of the slab is taken into account. See Figure 7-2.

7-

10

¢ = 0.0035 B0 0.67 fuuly
o " L‘—ﬂ R
Tt M
A t -
X
d I ! .
r ' L » L = L
As }__.7 83 Ts Tw Tf
Tou-

(l)BEAM (i) STRAIN (lii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 7-2 Nonuniform Thickness Slab Design

Assuming the neutral axis to lie in the flange, the normalized moment is given
by:

Slab Design
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M

cu Uf

Then the moment arm is computed as:

z=d {0.5 + ‘/0.25 —%} <0.95d (BS 3.4.4.4)

the depth of the neutral axis is computed as:

1
X=——({d-z BS3.4.4.4
0.45 ( ) ( )

and the depth of the compression block is given by:
a=0.9x (BS 3.4.4.4)

= If a < hy, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in that case, the width
of the slab is taken as br. Compression reinforcement is required when K > K'.

= If a> hy, when M < Sfebd? and hs < 0.45d, then

M +0.1f,,bd(0.45d ~hy )

, wh BS 3.4.4.5

0.87f,(d —0.5h; ) wnere ( )
h, b h, b

B =045—1--" | 1-— +0.15-* (BS 3.4.4.5)
d b 2d b

Otherwise the calculation for As has two parts. The first part is for balancing
the compressive force from the flange, Cs, and the second part is for balancing
the compressive force from the web, Cy, as shown in Figure 7-2.
In that case, the ultimate resistance moment of the flange is given by:

M =0.45f, (b; —b, )h; (d—0.5h, ) (BS 3.4.4.5)

The moment taken by the web is computed as:
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M,=M-M,

and the normalized moment resisted by the web is given by:

M
Ku w (BS 3.4.4.4)

" b, d?

= If Ky <0.156 (BS 3.4.4.4), the slab is designed as a singly reinforced concrete
slab. The reinforcement is calculated as the sum of two parts, one to balance
compression in the flange and one to balance compression in the web.

M, "
+
0.87f,(d—05h;) 0.87f,z

z=d|{ 05+ 0.25—& <0.95d
\ 0.9

= If Ky > K'(BS 3.4.4.4), compression reinforcement is required and is calcu-
lated as follows:

, where

A =

The ultimate moment of resistance of the web only is given by:
M,, =K"f,b,d? (BS 3.4.4.4)

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:

A = My, = My, (BS 3.4.4.4)

[fg_mj(d_d-)

Ve

where, d’ is the depth of the compression reinforcement from the concrete
compression face, and

, i
', =0871, if 0/ < %[1-%} (BS 3.4.4.1, 2.5.3, Fig 2.2)
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7.5.2

2d' ] .. 4/ 1 f .
f'=Eg |1-"—|if A/ >2|1-—L BS 3.4.4.1, 2.5.3, Fig 2.2
S sgc|: d :| A 2|: 800:| ( g )

The area of tension reinforcement is obtained from equilibrium as:

_ Mf + Muw N MW — Muw
0.87f,(d—-0.5h,) 0.87f(0.777d) 0.87f,(d-d’)

A

75.1.3  Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (BS 3.12.5.3, BS Table 3.25) with interpo-
lation for reinforcement of intermediate strength:

0.0024bh if f, =250MPa
> (BS 3.12.5.3)

0.0013bh if f, =500MPa

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area
(BS 3.12.6.1).

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the shear stress, v.
= Determine the shear stress, v, that can be resisted by the concrete.

= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.
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75.2.1 Determine Shear Stress

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular strip station are obtained by factoring the corresponding
shear forces for different load cases with the corresponding load combination
factors. The shear stress is then calculated as:

v="_ (BS 3.4.5.2)

b,d
The maximum allowable shear stress, vmax is defined as:
Vmax = Min(0.8./ f,, , 5 MPa) (BS 3.4.5.2)

For light-weight concrete, vmax is defined as:

Vmax = Min(0.63/f, , 4 MPa) (BS 8110-2:1985 5.4)

7.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:

V', =Vv,+0.6 NVh <V, 1+l (BS 3.4.5.12)
AV,
b %
v, = 0.79Kykok; [ 100A, (400j (BS 3.4.5.4, Table 3.8)
Y bd d
kq is the enhancement factor for support compression,
and is conservatively taken as 1 (BS 3.4.5.8)

£,)% 40

k, = (ﬂ} 1<k < | — (BS 3.4.5.4, Table 3.8)
25 25

s =1.25 (BS2.4.4.1)

However, the following limits also apply:
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100 A,
bd

0.15< <3 (BS 3.4.5.4, Table 3.8)

400\ . .
' > 0.67 (unreinforced) or > 1 (reinforced)(BS 3.4.5.4, Table

3.8)
feu < 40 MPa (for calculation purposes only) (BS 3.4.5.4)
\Ii/l_hgl (BS 3.4.5.12)

As is the area of tension reinforcement.

7.5.2.3 Determine Required Shear Reinforcement

Given v, vc, and Vmax, the required shear reinforcement is calculated as follows
(BS Table 3.8, BS 3.4.5.3):

= Ifv<(ve+0.4),

A _ 04b, (BS 3.4.5.3, Table 3.7)

s, 087f,

v

= If (v'c +0.4) <V < Vimax,

v-Vv'_)b

A _ (v=v.p, (BS 3.4.5.3, Table 3.7)
S, 0.87f,

= If v > Vinax, & failure condition is declared. (BS 3.4.5.2)

In the preceding expressions, a limit is imposed on fyy as:
fiv <500 MPa. (BS 3.45.1)

The maximum of all of the calculated As//sy values, obtained from each load
combination, is reported along with the controlling shear force and associated
load combination.
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7.5.3

7-

16

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

7.5.3.1  Critical Section for Punching Shear

The punching shear is checked at the face of the column (BS 3.7.6.4) and at a
critical section at a distance of 1.5d from the face of the support (BS 3.7.7.6).
For rectangular columns and concentrated loads, the critical area is taken as a
rectangular area with the sides parallel to the sides of the columns or the point
loads (BS 3.7.7.1). Figure 7-3 shows the auto punching perimeters considered
by ETABS for the various column shapes. The column location (i.e., interior,
edge, corner) and the punching perimeter may be overwritten using the Punching
Check Overwrites.
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1.5d

Interior Column Edge Column Corner Column
ST it -
~-—=~_ 15d o AN '

e SN 1.5d 2 \ : 1.5d

// \ / AN 1 N
\ \ ] \

/ 1 { 3 ! 3
\ I I I ! ]
\ / | ] | ]

\\ / : | : !

Sae R S R S i
Circular Column T-Shape Column L-Shape Column

Figure 7-3 Punching Shear Perimeters

7.5.3.2 Determine Concrete Capacity

The concrete punching shear factored strength is taken as (BS 3.7.7.4, 3.7.7.6):

b 74
Vv, = 0.79kk, (1004, (400] (BS 3.4.5.4, Table 3.8)
Vm bd d
kq is the enhancement factor for support compression,
and is conservatively taken as 1 (BS 3.45.8)
e 40"
ke=|-2] ,1<k<|— (BS 3.4.5.4, Table 3.8)
25 25
Ym = 1.25 (BS 3.45.2)

However, the following limitations also apply:
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100 A,
0.15 < <3 (BS 3.4.5.4, Table 3.8)
400\ . .
' > 0.67 (unreinforced) or > 1 (reinforced) (BS 3.4.5.4)
v<min(0.8,/f,,, 5SMPa) (BS 3.7.6.4)

For light-weight concrete, Vmax is defined as:

v <min(0.63/f, , 4 MPa) (BS 8110-2:1985 5.4)
feu < 40 MPa (for calculation purpose only) (BS 3.4.5.4)

As = area of tension reinforcement, which is taken as the average tension
reinforcement of design strips in Layer A and layer B where Layer
A and Layer design strips are in orthogonal directions. When design
strips are not present in both orthogonal directions then tension rein-
forcement is taken as zero in the current implementation.

75.3.3 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the bending axis, the nominal design shear stress, Vimax,
is calculated as:

1.5M
— X
Ve x =V| F+ W (BS 3.7.6.2,3.7.6.3)
1.5My
Veity =V| T+ (BS 3.7.6.2,3.7.6.3)
eff ,x
ud
v, = Max (BS 3.7.7.3)
eff ,y
ud
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754

where,
u is the perimeter of the critical section

x andy are the lengths of the sides of the critical section parallel to the
axis of bending

My and My are the design moments transmitted from the slab to the
column at the connection

V is the total punching shear force

f is a factor to consider the eccentricity of punching shear force and is
taken as:

1.00 for interior columns
f=41.25  for edge columns (BS3.7.6.2,3.7.6.3)
1.25  for corner columns

7.5.3.4 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm (BS 3.7.7.5). If
the slab thickness does not meet these requirements, the punching shear rein-
forcement is not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is car-
ried out as explained in the subsections that follow.
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7-20

75.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

7.5.4.2 Determine Required Shear Reinforcement

The shear stress is limited to a maximum of;
Vimax = 2Vc (BS 3.7.7.5)

Given v, v, and Vmax, the required shear reinforcement is calculated as follows
(BS 3.7.7.5).

= [fv<1.6ve,
V-V, )ud
A (v¥)ud | 0dud , (BS 3.7.7.5)
S 087f, 087f,
= |f 1.6vc< v <2.0v,
5(0.7v-v, )ud
A S Jud  04ud , (BS 3.7.7.5)
S 0.87 f,, 0.87 f,,
= If v > Vinax, & failure condition is declared. (BS 3.7.7.5)

If v exceeds the maximum permitted value of vmax, the concrete section should
be increased in size.

7.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 7-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 1.5d measured in a
direction parallel to the column face (BS 3.7.7.6).
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Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

Typical Studrail Outermost Out_ermost )

(only first and last peripheral line ) peripheral line

studs shown) —L of studs N of studs

7 d/2 - / /_
zé / (— d/2

.0

1 5
1
1 - — X — X
I 1
! Critical
section
centroid  Free /| f
edge
Free edge /| lx\>/ Crltical section
N —'\,— centroid
Interior Column Edge Column Corner Column

Figure 7-4 Typical arrangement of shear studs and
critical sections outside shear-reinforced zone

7.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in BS 3.3 plus half of the diameter of the
flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
10-, 12-, 17-, 16-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 1.5d. The limits of so and the spacing, s, between the peripheral lines are
specified as:

So< 0.5d (BS 3.7.7.6)
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s< 0.75d (BS 3.7.7.6)
g< 15d (BS 3.7.7.6)
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Chapter 8
Design for CSA A23.3-14

8.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Canadian code CSA A23.3-14 [CSA 14]
is selected. Various notations used in this chapter are listed in Table 5-1. For
referencing to the pertinent sections of the Canadian code in this chapter, a prefix
“CSA” followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations
Table 8-1 List of Symbols Used in the CSA A23.3-14 Code
Ac Area enclosed by outside perimeter of concrete cross-section, sg-
mm
Act Area of concrete on flexural tension side, sg-mm
8-1
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Table 8-1 List of Symbols Used in the CSA A23.3-14 Code

A
Ao
th

As
A's
As(required)

At/S

A
Als

ap
by
bw

bo
b1

b2

Cb

dv

hs
Ec

8-2 Notations

Avrea of longitudinal reinforcement for torsion, sq-mm
Gross area enclosed by shear flow path, sgq-mm

Area enclosed by centerline of outermost closed transverse tor-
sional reinforcement, sqg-mm

Avrea of tension reinforcement, sg-mm
Area of compression reinforcement, sg-mm
Avrea of steel required for tension reinforcement, sg-mm

Area of closed shear reinforcement for torsion per unit length, sg-
mm/mm

Area of shear reinforcement, sg-mm

Area of shear reinforcement per unit length, sg-mm/mm
Depth of compression block, mm

Depth of compression block at balanced condition, mm
Width of member, mm

Effective width of flange (flanged section), mm

Width of web (flanged section), mm

Perimeter of the punching critical section, mm

Width of the punching critical section in the direction of bending,
mm

Width of the punching critical section perpendicular to the direc-
tion of bending, mm

Depth to neutral axis, mm

Depth to neutral axis at balanced conditions, mm

Distance from compression face to tension reinforcement, mm
Effective shear depth, mm

Distance from compression face to compression reinforcement,
mm

Thickness of slab (flanged section), mm

Modulus of elasticity of concrete, MPa
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Table 8-1 List of Symbols Used in the CSA A23.3-14 Code

Es
fie
f's

Vr, max
Vs
Vs

a1

i
Le

&
&s

&

Modulus of elasticity of reinforcement, assumed as 200,000 MPa
Specified compressive strength of concrete, MPa

Stress in the compression reinforcement, psi

Specified yield strength of flexural reinforcement, MPa
Specified yield strength of shear reinforcement, MPa

Overall depth of a section, mm

Moment of inertia of gross concrete section about centroidal axis,
neglecting reinforcement.

Factored moment at section, N-mm

Factored axial force at section, N

Outside perimeter of concrete cross-section, mm
Perimeter of area Aoh, mm

Spacing of the shear reinforcement along the strip, mm
Crack spacing parameter

Factored torsion at section, N-mm

Shear resisted by concrete, N

Maximum permitted total factored shear force at a section, N
Factored shear force at a section, N

Shear force at a section resisted by steel, N

Ratio of average stress in rectangular stress block to the specified
concrete strength

Factor accounting for shear resistance of cracked concrete
Factor for obtaining depth of compression block in concrete

Ratio of the maximum to the minimum dimensions of the punch-
ing critical section

Strain in concrete
Strain in reinforcing steel

Longitudinal strain at mid-depth of the section
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Table 8-1 List of Symbols Used in the CSA A23.3-14 Code

e Strength reduction factor for concrete

b Strength reduction factor for steel

P Strength reduction factor for member

% Fraction of unbalanced moment transferred by flexure

% Fraction of unbalanced moment transferred by eccentricity of
shear

0 Angle of diagonal compressive stresses, degrees

Shear strength factor

8.2  Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For CSA A23.3-14, if a structure is
subjected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (CSA 8.3.2, Table
C.1a)

1.4D (CSA 8.3.2, Table C.1a Case 1)

1.25D + 1.5L
1.25D + 1.5L + 1.0S

1.25D + 1.5L £ 0.4W
0.9D +1.5L (CSA 8.3.2, Table C.1a Case 2)

09D +1.5L +1.0S
0.9D + 1.5L + 0.4W

1.25D + 1.5(0.75 PL) (CSA 13.8.4.3)

1.25D + 1.5S
1.25D + 1.5S + 0.5L

1.25D + 1.5S + 0.4W
0.9D +1.5S (CSA 8.3.2, Table C.1a Case 3)

0.9D +1.5S + 0.5L
0.9D + 1.5S + 0.4W
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8.3

8.4

1.25D £ 1.4W
1.25D + 0.5L £ 1.4W

1.25D + 0.5S + 1.4W
0.9D + 1.4W (CSA 8.3.2, Table C.1a Case 4)

0.9D +0.5L + 1.4W
0.9D + 0.5S £ 1.4W

1.0D + 1.0E

1.0D + 0.5L + 1.0E

1.0D +0.25S + 1.0E (CSA 8.3.2, Table C.1a Case 5)
1.0D + 0.5L + 0.25S + 1.0E

These are also the default design load combinations in ETABS whenever the
CSA A23.3-14 code is used. If roof live load is treated separately or other types
of loads are present, other appropriate load combinations should be used.

Limits on Material Strength

The upper and lower limits of f'c are 80 MPa and 20 MPa, respectively, for all
framing types (CSA 8.6.1.1).

20 MPa < f'c <80 MPa (CSA8.6.1.1)
The upper limit of fy is 500 MPa for all frames (CSA 8.5.1).
fy <500 MPa (CSA 85.1)

ETABS enforces the upper material strength limits for flexure and shear design
of slabs. The input material strengths are taken as the upper limits if they are
defined in the material properties as being greater than the limits. The user is
responsible for ensuring that the minimum strength is satisfied.

Strength Reduction Factors

The strength reduction factors, ¢, are material dependent and defined as:
¢ = 0.65 for concrete (CSA 8.4.2)
¢ = 0.85 for reinforcement (CSA 8.4.3a)
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8.5

8.5.1

8 -

6

These values can be overwritten; however, caution is advised.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

Slab Design
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8.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

8.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression rein-
forcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 8-1 (CSA 10.1.7). Furthermore, it is assumed that the compression car-
ried by the concrete is less than or equal to that which can be carried at the bal-
anced condition (CSA 10.1.4). When the applied moment exceeds the moment
capacity at the balanced condition, the area of compression reinforcement is cal-
culated assuming that the additional moment will be carried by compression and
additional tension reinforcement.

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (0.1 f'c Ag), axial force is ignored; hence, all slabs are designed for major
direction flexure, shear, and punching shear only. Axial compression greater
than 0.1f'c Ag and axial tensions are always included in flexural and shear design.
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8.5.1.2.1 Design of uniform thickness slab

In designing for a factored negative or positive moment, Ms (i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 8-1), where,

£=0.0035 a, fio.

- -

v

o p 4—
h
0
—

d
® ° L, >
4 T T
J .‘—>7 & s cs
A
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 8-1 Uniform Thickness Slab Design

(CSA 10.1)

where the value of ¢ is 0.65 (CSA 8.4.2) in the preceding and the following
equations. The parameters a1, 1, and ¢, are calculated as:

a1 =0.85-0.0015f"c > 0.67, (CSA 10.1.7)
B1 = 0.97 - 0.0025f"; > 0.67, (CSA 10.1.7)
7
Co = _10_ 4 (CSA 10.5.2)
700 +1:y
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The balanced depth of the compression block is given by:
ap = [iCh (CSA 10.1.7)
= If a < a, (CSA 10.5.2), the area of tension reinforcement is given by:

A=
a
i)

This reinforcement is to be placed at the bottom if My is positive, or at the top
if Mt is negative.

= Ifa>ap (CSA 10.5.2), compression reinforcement is required and is calculated
as follows:

The factored compressive force developed in the concrete alone is given by:

C=¢,a,f' ba, (CSA 10.1.7)

and the factored moment resisted by concrete compression and tension rein-
forcement is:

e
2

Therefore, the moment required to be resisted by compression reinforcement
and tension reinforcement is:

Mt = Ms — Mxc
The required compression reinforcement is given by:

M
AL = 5 , where

(4.~ fi)(d-d)

f! =0.0035 Es {C —d } <fy (CSA 10.1.2, 10.1.3)
C
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The required tension reinforcement for balancing the compression in the con-
crete is:

Mfc

A=
&
ot h

and the tension reinforcement for balancing the compression reinforcement is
given by:

M
f,(d—d")g,

Therefore, the total tension reinforcement, As = As1 + Asz, and the total com-
pression reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top if M is positive, and vice versa if My is negative.

A, =

8.5.1.2.2 Design of nonuniform thickness slab

8.5.1.22.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

8.5.1.2.2.2 Flanged Slab Section Under Positive Moment
= If M > 0, the depth of the compression block is given by:

| 2M
a=d- dz—m (CSA 10.1)
17 cPcMf

where, the value of ¢ is 0.65 (CSA 8.4.2) in the preceding and the following
equations. The parameters a1, 51, and ¢y, are calculated as:

o1 = 0.85-0.0015 f'. > 0.67, (CSA 10.1.7)

B1=0.97 —0.0025 f'c >0.67, (CSA 10.1.7)
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= 10 (CSA 10.5.2)
700 + f,
=0.0035 / a,flé
L J h & d1f0¢c | e
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Figure 8-2 Nonuniform Thickness Slab Design

The balanced depth of the compression block is given by:
ap = fiCo (CSA 10.1.4,10.1.7)

= If a < hs, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in this case the width
of the slab is taken as br. Compression reinforcement is required when a > ay.

= If a > hs, calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, C,, as shown in Figure 8-2. Cs is given by:

Ci =anfi(bs by, )min(hy,a,) (CSA 10.1.7)

Cf¢c

y¥s

Therefore, A, = and the portion of M:s that is resisted by the flange is

given by:
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M, :Cf(d ~ min(r21s,ab))¢C

Therefore, the balance of the moment, Mt to be carried by the web is:
Muw = Mi — Mg

The web is a rectangular section with dimensions by, and d, for which the de-
sign depth of the compression block is recalculated as:

L o,
a,=d— [d?—— "™ (CSA 10.1)
alf'C¢CbW

= If a; < ap (CSA 10.5.2), the area of tension reinforcement is then given by:

M
A, =—fwa, and
si[o-3)
s = As1 + As2

This reinforcement is to be placed at the bottom of the flanged slab.

= If a; > a, (CSA 10.5.2), compression reinforcement is required and is calcu-
lated as follows:

The compressive force in the web concrete alone is given by:

C=¢.af' b,a, (CSA10.1.7)

Therefore the moment resisted by the concrete web and tension reinforcement

IS:
e
2

and the moment resisted by compression and tension reinforcement is:

Mss = M — Mg
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Therefore, the compression reinforcement is computed as:

Mfs
A = —, where
(¢sf Ic_¢calf Ic)(d -d )
, c—d’
f= gE, { }s f, (CSA 10.1.2, 10.1.3)
c

The tension reinforcement for balancing compression in the web concrete is:

AS _ Mfc
oS h

and the tension reinforcement for balancing the compression reinforcement is:

Mfs

Aos = f,(d—d)g,

The total tension reinforcement is As = As1 + As2 + Ass, and the total compres-
sion reinforcement is A's. As is to be placed at the bottom and A's is to be placed
at the top.

8.5.1.3 Minimum and Maximum Reinforcement

The minimum flexural tensile reinforcement required for each direction of a slab
is given by the following limit (CSA 13.10.1):

As > 0.002 bh (CSA 7.8.1)

In addition, an upper limit on both the tension reinforcement and compres-
sion reinforcement has been imposed to be 0.04 times the gross cross-sec-
tional area.

8.5.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
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for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, Vs.
= Determine the shear force, V., that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three subsections describe in detail the algorithms associated with
these steps.

8.5.2.1 Determine Factored Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

8.5.2.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, V, is calculated as:

V, =g, A8,/ fLb,d, (CSA 11.3.4)
Jf. <8MPa (CSA 11.3.4)

¢ is the resistance factor for concrete. By default it is taken as 0.65 (CSA
8.4.2).

A is the strength reduction factor to account for low density concrete (CSA
2.2). For normal density concrete, its value is 1 (CSA 8.6.5), which is taken
by the program as the default value. For concrete using lower density aggre-
gate, the user can change the value of A in the material property data. The
recommended value for A is as follows (CSA 8.6.5):
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1.00, for normal density concrete,
0.85, for semi-low-density concrete
A= in which all of the fine aggregate is natural sand, (CSA 8.6.5)
0.75, for semi-low-density concrete
in which none of the fine aggregate is natural sand.

[ is the factor for accounting for the shear resistance of cracked concrete

(CSA 2.2) and should be greater or equal to 0.05. Its value is hormally be-
tween 0.1 and 0.4. It is determined according to CSA 11.3.6, and described
further in the following sections.

b, is the effective web width. For uniform thickness slab, it is the width of the
slab. For flanged-shaped slab, it is the width of the web of the slab.
d, is the effective shear depth. It is taken as the greater of 0.9d or 0.72h(CSA

2.3), where d is the distance from the extreme compression fiber to the cen-
troid of the tension reinforcement, and h is the overall depth of the cross-
section in the direction of the shear force (CSA 2.3).

The value of g is preferably taken as the special value (CSA 11.3.6.2) or it is
determined using the simplified method (CSA 11.3.6.3), if applicable. When the
conditions of the special value or simplified method do not apply, the general
method is used (CSA 11.3.6.4).

If the overall slab depth, h, is less than 250 mm or if the depth of a flanged below
the slab is not greater than one-half of the width of the web or 350 mm, Sis taken
as 0.21 (CSA 11.3.6.2).

When the specified yield strength of the longitudinal reinforcing fy does not ex-
ceed 400 MPa, the specified concrete strength f'c does not exceed 60 MPa, and
the tensile force is negligible, g is determined in accordance with the simplified
method, as follows (CSA 11.3.6.3):

= When the section contains at least the minimum transverse reinforcement, g is
taken as 0.18 (CSA 11.6.3.3a).

B=0.18 (CSA 11.3.6.3(a))
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= When the section contains no transverse reinforcement, £ is determined based
on the specified maximum nominal size of coarse aggregate, ag.

For a maximum size of coarse aggregate not less than 20 mm, g is taken as:

230

F=1000+d,

(CSA 11.3.6.3(b))

where dy is the effective shear depth expressed in millimeters.
For a maximum size of coarse aggregate less than 20 mm, £ is taken as:

230

P =1000+s,

(CSA 11.3.6.3 ¢)

35s,
S+,

where, S,, = 1 >(.85s, (CSA11.3.6.3.c)

In the preceding expression, the crack spacing parameter, Sz, shall be taken as
the minimum of d, and the maximum distance between layers of distributed lon-
gitudinal reinforcement. However, sz is conservatively taken as equal to dy.

In summary, for simplified cases, £ can be expressed as follows:

0.18, if minimum transverse reinforcement is provided,
p= i if no transverse reinforcement is provided, and a, > 20mm,
1000 +d,
230 . . . .
—————, if no transverse reinforcement is provided, and a, <20mm.
1000 +S,,

= When the specified yield strength of the longitudinal reinforcing fy is greater
than 400 MPa, the specified concrete strength f'. is greater than 60 MPa, or
tension is not negligible, g is determined in accordance with the general
method as follows (CSA 11.3.6.1, 11.3.6.4):

po— 040 1300 (CSA 11.3.6.4)

(1+1500¢,) (1000+S,,)
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In the preceding expression, the equivalent crack spacing parameter, S is taken
equal to 300 mm if minimum transverse reinforcement is provided (CSA
11.3.6.4). Otherwise it is determined as stated in the simplified method.

300 if minimum transverse reinforcement is provided,
S =130 S, >0.85S, otherwise.
15+a

g
(CSA 11.3.6.3, 11.3.6.4)

The value of a4 in the preceding equations is taken as the maximum aggregate
size for f'c of 60 MPa, is taken as zero for f'c of 70 MPa, and linearly interpolated
between these values (CSA 11.3.6.4).

The longitudinal strain, & at mid-depth of the cross-section is computed from
the following equation:
M;/d, +V; +0.5N,
&, = (CSA 11.3.6.4)
2(E.A)

In evaluating & the following conditions apply:

= & IS positive for tensile action.

= Vi and My are taken as positive quantities. (CSA 11.3.6.4(a))
= Mg is taken as a minimum of Vs d.. (CSA 11.3.6.4(a))
= N is taken as positive for tension. (CSA 2.3)

As is taken as the total area of longitudinal reinforcement in the slab. It is taken
as the envelope of the reinforcement required for all design load combinations.
The actual provided reinforcement might be slightly higher than this quantity.
The reinforcement should be developed to achieve full strength (CSA
11.3.6.3(b)).

If the value of & is negative, it is recalculated with the following equation, in
which A is the area of concrete in the flexural tensile side of the slab, taken as
half of the total area.
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~ M, /d, +V; +0.5N,

g, = (CSA 11.3.6.4(c))
2(E,A +EA,)

E, = 200,000 MPa (CSA8.5.4.1)

E, =4500,/f, MPa (CSA8.6.2.3)

If the axial tension is large enough to induce tensile stress in the section, the
value of & is doubled (CSA 11.3.6.4(e)).

For sections closer than d, from the face of the support, & is calculated based on
M and V: at a section at a distance dv from the face of the support (CSA
11.3.6.4(d)). This condition currently is not checked by ETABS.

An upper limit on & is imposed as:

¢,<0.003 (CSA 11.3.6.4(F))

In both the simplified and general methods, the shear strength of the section due
to concrete, v. depends on whether the minimum transverse reinforcement is pro-
vided. To check this condition, the program performs the design in two passes.
In the first pass, it assumes that no transverse shear reinforcement is needed.
When the program determines that shear reinforcement is required, the program
performs the second pass assuming that at least minimum shear reinforcement is
provided.

8.5.2.3 Determine Required Shear Reinforcement

The shear force is limited toV. where:

r,max

V. =025¢f'b,d (CSA 11.3.3)

r,max
Given Vi, V¢, and Vr max, the required shear reinforcement is calculated as follows:

" IfV, <V,

A (CSA 11.35.1)
S
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nIfV, <V, <V

r,max

V; -V, Jtan@
A :(fw—z (CSA 11.3.3, 11.35.1)
S s 'yt¥v

= IfV, >V a failure condition is declared. (CSA 11.3.3)

r,max?

A minimum area of shear reinforcement is provided in the following regions
(CSA11.2.8.1):

(a) inregions of flexural members where the factored shear force Vs exceeds
Ve

(b) inregions of slab with an overall depth greater than 750 mm.

Where the minimum shear reinforcement is required by CSA 11.2.8.1, or by cal-
culation, the minimum area of shear reinforcement per unit spacing is taken as:

fl
%ZO.OG—VfcbW (CSA 11.2.8.2)
yt

In the preceding equations, the term @is used, where @is the angle of inclination
of the diagonal compressive stresses with respect to the longitudinal axis of the
member (CSA 2.3). The @ value is normally between 22 and 44 degrees. It is
determined according to CSA 11.3.6.

Similar to the g factor, which was described previously, the value of @is prefer-
ably taken as the special value (CSA 11.3.6.2), or it is determined using the sim-
plified method (CSA 11.3.6.3), whenever applicable. The program uses the gen-
eral method when conditions for the simplified method are not satisfied (CSA
11.3.6.4).

= If the overall slab depth, h, is less than 250 mm or if the depth of the
flanged slab below the slab is not greater than one-half of the width of the web
or 350 mm, @is taken as 42 degrees (CSA 11.3.6.2).

= If the specified yield strength of the longitudinal reinforcing fy does not exceed
400 MPa, or the specified concrete strength f'c does not exceed 60 MPa, & is
taken to be 35 degree (CSA 11.3.6.3).
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8.5.3

6 =35°for P; <0 or f, <400 MPa or f'c < 60 MPa (CSA11.3.6.3)

= If the axial force is tensile, the specified yield strength of the longitudinal re-
inforcing fy > 400 MPa, and the specified concrete strength f'c > 60 MPa, @is
determined using the general method as follows (CSA 11.3.6.4),

0=29+7000¢, for P, <0, f, >400MPa, f'c<60MPa (CSA11.3.6.4)

where & is the longitudinal strain at the mid-depth of the cross-section for the
factored load. The calculation procedure is described in preceding sections.

The maximum of all of the calculated A./s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated inde-
pendently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

8.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (CSA 13.3.3.1 and CSA 13.3.3.2). For rectangular columns
and concentrated loads, the critical area is taken as a rectangular area with the
sides parallel to the sides of the columns or the point loads (CSA 13.3.3.3). Fig-
ure 8-3 shows the auto punching perimeters considered by ETABS for the vari-
ous column shapes. The column location (i.e., interior, edge, corner) and the
punching perimeter may be overwritten using the Punching Check Overwrites.
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Interior Column Edge Column Corner Column
TN T ™
//” S~ d/2 d/2 N N : d/2
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1 1 | 3 [ \
\ 1 | | ] H
\ / 1 I ! 1
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\\\___/’, [ AN | L __________ :

Circular Column T-Shape Column L-Shape Column

Figure 8-3 Punching Shear Perimeters

8.5.3.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be y: My
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be yy My, where

-1 and (CSA 13.10.2)

N (23)Jbb,

=1 L (CSA 13.3.5.3)

1+(2/3)you /b,

where by is the width of the critical section measured in the direction of the span,
and b is the width of the critical section measured in the direction perpendicular
to the span.

8.5.3.3 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as the minimum of the
following three limits:
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2
cl_
1o

c

]0.191 fr

v, =min{ ¢, (0.19+ Osd j,z fr (CSA 13.3.4.1)

0

$,0.381[f!

where, £ is the ratio of the minimum to the maximum dimensions of the critical
section, by is the perimeter of the critical section, and o is a scale factor based
on the location of the critical section.

4, for interior columns
a, =<3, for edge colums, and (CSA 13.3.4.1(b))
2, for corner columns.

The value of ,/ f', is limited to 8 MPa for the calculation of the concrete shear
capacity (CSA 13.3.4.2).

If the effective depth, d, exceeds 300 mm, the value of v¢ is reduced by a factor
equal to 1300/(1000 + d) (CSA 13.3.4.3).

8.5.3.4 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section.

V. = Vi N Vv M, =V (Vs = YOI (Y, = Ya) = 1os (X, = %3)] 3

bod |22|33 — |232 Eq. 1
7/V3[M £3 _Vf (Xs - X1)] [|22(X4 - X3) - Izs(y4 - Y3)]
|22|33 - |232

n
I, = Z I,,, where "sides" refers to the sides of the critical

sides =1

section for punching shear Eq. 2
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n
Iy = Z l,;, where "sides" refers to the sides of the critical

sides =1

section for punching shear Eq. 3

n

I, = z I, where "sides" refers to the sides of the critical

sides =1

section for punching shear Eq. 4

The equations for 1,,, 1,5, and 1, are different depending on whether the

side of the critical section for punching shear being considered is parallel
to the 2-axis or parallel to the 3-axis. Refer to Figures 8-4.

Side of critical section
Critical section for X, - X being considered
punching shear shown solid
shown by heavy line

/Center of side of critical
section being considered.

Centroid of entire L Coordinates are (X2’y2)'
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s = wf\—=—
yz - y3 2

Plan View For Side of Critical Section Parallel to 3-Axis
Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown 3
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire
critical section for $
punching shear. Center of side of critical

Coordinates are (X,,Y,). —,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis
Work This Sketch With Equations 5a, 6a and 7

Figure 8-4 Shear Stress Calculations at Critical Sections
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1, =Ld(y, - y,)°, for side of critical section parallel to 2-axis ~ Eq. 5a

+—+Ld(y, - Y,)’, for side of critical section

parallel to 3-axis Eq. 5b
3 3
I, = Ld + a +Ld(x, — X,)°, for side of critical section
12 12
parallel to 2-axis Eg. 6a

I, = Ld(x, — X,)*, for side of critical section parallel to 3-axis  Eq. 6b

I, = Ld (X, — X,)(Y, — V,), for side of critical section parallel

to 2-axis or 3-axis Eq. 7

NOTE: 1,, is explicitly set to zero for corner condition.

where,

bo
d

122

I33

I23

Mr.

= Perimeter of the critical section for punching shear

= Effective depth at the critical section for punching shear based on the
average of d for 2 direction and d for 3 direction

= Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 2-axis

= Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 3-axis

= Product of inertia of the critical section for punching shear with respect
to the 2 and 3 planes

= Length of the side of the critical section for punching shear currently
being considered

= Moment about the line parallel to the 2-axis at the center of the column
(positive in accordance with the right-hand rule)
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8.5.4

Mis = Moment about the line parallel to the 3-axis at the center of the column
(positive in accordance with the right-hand rule)

Vi = Punching shear stress
Vi = Shear at the center of the column (positive upward)
X1, Y1 = Coordinates of the column centroid

X2, Y2 = Coordinates of the center of one side of the critical section for punching
shear

X3, Y = Coordinates of the centroid of the critical section for punching shear
Xs, Y2 = Coordinates of the location where stress is being calculated
w2 = Percent of My, resisted by shear

ws = Percent of Mg resisted by shear

8.5.3.5 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm (CSA 13.2.1).
If the slab thickness does not meet these requirements, the punching shear rein-
forcement is not designed, and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is per-
formed as explained in the subsections that follow.
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8.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is taken as:

v, =0.281¢,,/ f'. for shear studs (CSA 13.3.8.3)
v, =0.194¢. ./ f ', for shear stirrups (CSA 13.3.9.3)

8.5.4.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of v, , where
V, max = 0.754¢,/ T, for shear studs (CSA 13.3.8.2)
V, max = 0.554¢, /T, for shear stirrups (CSA 13.3.9.2)

Given vy, Ve, and Vi, max, the required shear reinforcement is calculated as follows,
where, ¢, is the strength reduction factor.

= |fvi> Vr,max,

V. —V
A = ubo (CSA 13.3.8.5,13.3.9.4)
S g f,
= If Vi > Vr max, @ failure condition is declared. (CSA 13.3.8.2)

= If vi exceeds the maximum permitted value of vimax, the concrete section should
be increased in size.

8.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 8-5 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.
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Typical Studrail Outermost Outermost

(only first and last peripheral line ) peripheral line
studs shown) —L of studs N— of studs
H & o /d/Z ‘

d/2

Critical
section
centroid  Free /1

7/
N\
edge y \
I, tical secti
R \>/ Cnltical section

\N— centroid

Free edge _/
—

Interior Column Edge Column Corner Column

Figure 8-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed
0.4d for shear studs (CSA 13.3.8.6)
0.25d for shear stirrups (CSA 13.3.8.6)

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

8.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in CSA 7.9 plus half of the diameter of
the flexural reinforcement.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.45d to 0.4d. The
limits of s, and the spacing, s, between the peripheral lines are specified as:

s, <0.4d (CSA 13.3.8.6)
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0.75d v <0.561¢./f"
s < f it (CSA 13.3.8.6)
0.50d v; >0.561¢,/ ",
For shear stirrups,
s, <0.25d (CSA 13.3.9.5)
s <0.25d (CSA 13.3.9.5)

The minimum depth for reinforcement should be limited to 300 mm (CSA
13.3.9.1).
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Chapter 9
Design for CSA A23.3-04

9.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Canadian code CSA A23.3-04 [CSA 04]
is selected. Various notations used in this chapter are listed in Table 9-1. For
referencing to the pertinent sections of the Canadian code in this chapter, a prefix
“CSA” followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 9-1 List of Symbols Used in the CSA A23.3-04 Code

Ac Area enclosed by outside perimeter of concrete cross-section, sg-
mm
Act Area of concrete on flexural tension side, sg-mm
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Table 9-1 List of Symbols Used in the CSA A23.3-04 Code

A
Ao
th

As
A's
As(required)

At/S

A
Als

ap
by
bw

bo
b1

b2

Cb

dv

hs
Ec

9-2 Notations

Avrea of longitudinal reinforcement for torsion, sq-mm
Gross area enclosed by shear flow path, sgq-mm

Area enclosed by centerline of outermost closed transverse tor-
sional reinforcement, sqg-mm

Avrea of tension reinforcement, sg-mm
Area of compression reinforcement, sg-mm
Avrea of steel required for tension reinforcement, sg-mm

Area of closed shear reinforcement for torsion per unit length, sg-
mm/mm

Area of shear reinforcement, sg-mm

Area of shear reinforcement per unit length, sg-mm/mm
Depth of compression block, mm

Depth of compression block at balanced condition, mm
Width of member, mm

Effective width of flange (flanged section), mm

Width of web (flanged section), mm

Perimeter of the punching critical section, mm

Width of the punching critical section in the direction of bending,
mm

Width of the punching critical section perpendicular to the direc-
tion of bending, mm

Depth to neutral axis, mm

Depth to neutral axis at balanced conditions, mm

Distance from compression face to tension reinforcement, mm
Effective shear depth, mm

Distance from compression face to compression reinforcement,
mm

Thickness of slab (flanged section), mm

Modulus of elasticity of concrete, MPa



Chapter 9 - Design for CSA A23.3-04

Table 9-1 List of Symbols Used in the CSA A23.3-04 Code

Es
fie
f's

Vr, max
Vs
Vs

a1

i
Le

&
&s

&

Modulus of elasticity of reinforcement, assumed as 200,000 MPa
Specified compressive strength of concrete, MPa

Stress in the compression reinforcement, psi

Specified yield strength of flexural reinforcement, MPa
Specified yield strength of shear reinforcement, MPa

Overall depth of a section, mm

Moment of inertia of gross concrete section about centroidal axis,
neglecting reinforcement.

Factored moment at section, N-mm

Factored axial force at section, N

Outside perimeter of concrete cross-section, mm
Perimeter of area Aoh, mm

Spacing of the shear reinforcement along the strip, mm
Crack spacing parameter

Factored torsion at section, N-mm

Shear resisted by concrete, N

Maximum permitted total factored shear force at a section, N
Factored shear force at a section, N

Shear force at a section resisted by steel, N

Ratio of average stress in rectangular stress block to the specified
concrete strength

Factor accounting for shear resistance of cracked concrete
Factor for obtaining depth of compression block in concrete

Ratio of the maximum to the minimum dimensions of the punch-
ing critical section

Strain in concrete
Strain in reinforcing steel

Longitudinal strain at mid-depth of the section

Notations 9-3



ETABS Reinforced Concrete Design

9.2

9-4

Table 9-1 List of Symbols Used in the CSA A23.3-04 Code

¢e
¢
¢
g
W

Design Load Combinations

Strength reduction factor for concrete

Strength reduction factor for steel

Strength reduction factor for member

Fraction of unbalanced moment transferred by flexure

Fraction of unbalanced moment transferred by eccentricity of

shear

Angle of diagonal compressive stresses, degrees

Shear strength factor

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For CSA A23.3-04, if a structure is
subjected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
guake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (CSA 8.3.2, Table

C.1)

1.4D

1.25D + 1.5L

1.25D + 1.5L + 0.5S
1.25D + 1.5L + 0.4W
09D + 1.5L

09D + 1.5L + 0.5S
0.9D + 1.5L £ 0.4W

1.25D + 1.5(0.75 PL)

1.25D + 1.5S

1.25D +1.5S + 0.5L
1.25D + 1.5S + 0.4W
0.9D + 155

09D + 1.55 +0.5L
0.9D + 1.55 + 0.4W

Design Load Combinations

(CSA 8.3.2, Table C.1 Case 1)

(CSA 8.3.2, Table C.1 Case 2)

(CSA 13.8.4.3)

(CSA 8.3.2, Table C.1 Case 3)
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9.3

9.4

1.25D £ 1.4W
1.25D + 0.5L £ 1.4W

1.25D + 0.5S + 1.4W
0.9D + 1.4W (CSA 8.3.2, Table C.1 Case 4)

0.9D +0.5L + 1.4W
0.9D + 0.5S £ 1.4W

1.0D + 1.0E

1.0D + 0.5L + 1.0E

1.0D +0.25S + 1.0E (CSA 8.3.2, Table C.1 Case 5)
1.0D + 0.5L + 0.25S + 1.0E

These are also the default design load combinations in ETABS whenever the
CSA A23.3-04 code is used. If roof live load is treated separately or other types
of loads are present, other appropriate load combinations should be used.

Limits on Material Strength

The upper and lower limits of f'c are 80 MPa and 20 MPa, respectively, for all
framing types (CSA 8.6.1.1).

20 MPa < f'c <80 MPa (CSA8.6.1.1)
The upper limit of fy is 500 MPa for all frames (CSA 8.5.1).
fy <500 MPa (CSA 85.1)

ETABS enforces the upper material strength limits for flexure and shear design
slabs. The input material strengths are taken as the upper limits if they are de-
fined in the material properties as being greater than the limits. The user is re-
sponsible for ensuring that the minimum strength is satisfied.

Strength Reduction Factors

The strength reduction factors, ¢, are material dependent and defined as:
¢ = 0.65 for concrete (CSA 8.4.2)
¢ = 0.85 for reinforcement (CSA 8.4.3a)
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9.5

9.5.1

9-

6

These values can be overwritten; however, caution is advised.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

Slab Design
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95.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

9.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression rein-
forcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 9-1 (CSA 10.1.7). Furthermore, it is assumed that the compression car-
ried by the concrete is less than or equal to that which can be carried at the bal-
anced condition (CSA 10.1.4). When the applied moment exceeds the moment
capacity at the balanced condition, the area of compression reinforcement is cal-
culated assuming that the additional moment will be carried by compression and
additional tension reinforcement.

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (0.1 f'c Ag), axial force is ignored; hence, all slabs are designed for major
direction flexure, shear, and torsion only. Axial compression greater than 0.1 f'¢
Ag and axial tensions are always included in flexural and shear design.
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9.5.1.2.1  Design of uniform thickness slab

In designing for a factored negative or positive moment, Ms (i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 9-1), where,

£=0.0035 a, fio.

- -

v

o p 4—
h
0
—

d
® ° L, >
4 T T
J .‘—>7 & s cs
A
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 9-1 Uniform Thickness Slab Design

(CSA 10.1)

where the value of ¢ is 0.65 (CSA 8.4.2) in the preceding and the following
equations. The parameters a1, 1, and ¢, are calculated as:

a1 =0.85-0.0015f"c > 0.67, (CSA 10.1.7)
B1 = 0.97 - 0.0025f"; > 0.67, (CSA 10.1.7)
7
Co = _10_ 4 (CSA 10.5.2)
700 +1:y
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The balanced depth of the compression block is given by:
ap = [iCh (CSA 10.1.7)
= If a < a, (CSA 10.5.2), the area of tension reinforcement is given by:

A=
a
i)

This reinforcement is to be placed at the bottom if Ms is positive, or at the top
if Mt is negative.

= Ifa>ap (CSA 10.5.2), compression reinforcement is required and is calculated
as follows:

The factored compressive force developed in the concrete alone is given by:

C=¢,a,f' ba, (CSA 10.1.7)

and the factored moment resisted by concrete compression and tension rein-
forcement is:

e
2

Therefore, the moment required to be resisted by compression reinforcement
and tension reinforcement is:

Mt = Ms — Mxc
The required compression reinforcement is given by:

M
AL = 5 , where

(4.~ fi)(d-d)

f! =0.0035 Es {C —d } <fy (CSA 10.1.2, 10.1.3)
C
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The required tension reinforcement for balancing the compression in the con-
crete is:

Mfc

A=
&
ot h

and the tension reinforcement for balancing the compression reinforcement is
given by:

M
f,(d—d")g,

Therefore, the total tension reinforcement, As = As1 + Asz, and the total com-
pression reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top if M is positive, and vice versa if My is negative.

A, =

9.5.1.2.2 Design of nonuniform thickness slab

9.5.1.22.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

9.5.1.22.2 Flanged Slab Section Under Positive Moment
= If M > 0, the depth of the compression block is given by:

| 2M
a=d- dz—m (CSA 10.1)
17 cPcMf

where, the value of ¢ is 0.65 (CSA 8.4.2) in the preceding and the following
equations. The parameters a1, 51, and ¢y, are calculated as:

o1 = 0.85-0.0015 f'. > 0.67, (CSA 10.1.7)

B1=0.97 —0.0025 f'c >0.67, (CSA 10.1.7)
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= 10 (CSA 10.5.2)
700 + f,
=0.0035 / a,flé
L J h & d1f0¢c | e
‘ bf ’ r 'S
V ;d_ £ C \
AL~ T : : - Cy

|
|

® ' z — e
:bw - H £ " T T

() BEAM (I1) STRAIN (1) STRESS
SECTION DIAGRAM DIAGRAM

Figure 9-2 Nonuniform Thickness Slab Design

The balanced depth of the compression block is given by:
ap = fiCo (CSA 10.1.4,10.1.7)

= If a < hs, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in this case the width
of the slab is taken as br. Compression reinforcement is required when a > ay.

= If a > hs, calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, Cy, as shown in Figure 9-2. Cs is given by:

Ci =anfi(bs by, )min(hy,a,) (CSA 10.1.7)

Cf¢c

y¥s

Therefore, A, = and the portion of M:s that is resisted by the flange is

given by:
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M, :Cf(d ~ min(r21s,ab))¢C

Therefore, the balance of the moment, Mt to be carried by the web is:
Muw = Mi — Mg

The web is a rectangular section with dimensions by, and d, for which the de-
sign depth of the compression block is recalculated as:

L o,
a,=d— [d?—— "™ (CSA 10.1)
alf'C¢CbW

= If a; < ap (CSA 10.5.2), the area of tension reinforcement is then given by:

M
A, =—fwa, and
si[o-3)
s = As1 + As2

This reinforcement is to be placed at the bottom of the flanged slab.

= If a; > a, (CSA 10.5.2), compression reinforcement is required and is calcu-
lated as follows:

The compressive force in the web concrete alone is given by:

C=¢.af' b,a, (CSA10.1.7)

Therefore the moment resisted by the concrete web and tension reinforcement

IS:
wcfo-d)
2

and the moment resisted by compression and tension reinforcement is:

Mss = M — Mg
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9.5.2

Therefore, the compression reinforcement is computed as:

Mfs
A = —, where
(¢sf Ic_¢calf Ic)(d -d )
, c—d’
f= gE, { }s f, (CSA 10.1.2, 10.1.3)
c

The tension reinforcement for balancing compression in the web concrete is:

AS _ Mfc
oS h

and the tension reinforcement for balancing the compression reinforcement is:

Mfs

Aos = f,(d—d)g,

The total tension reinforcement is As = As1 + As2 + Ass, and the total compres-
sion reinforcement is A's. As is to be placed at the bottom and A's is to be placed
at the top.

95.1.3 Minimum and Maximum Reinforcement

The minimum flexural tensile reinforcement required for each direction of a slab
is given by the following limit (CSA 13.10.1):

As > 0.002 bh (CSA 7.8.1)

= In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional
area.

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
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for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, V.

= Determine the shear force, V., that can be resisted by the concrete.

= Determine the shear reinforcement required to carry the balance.

The following three subsections describe in detail the algorithms associated with

these steps.

9.5.2.1 Determine Concrete Shear Capacity

The shear force carried by the concrete, V, is calculated as:

V, = 4,28 F.b,d, (CSA 11.3.4)
Jf. <8MPa (CSA 11.3.4)

¢ 1s the resistance factor for concrete. By default it is taken as 0.65 (CSA
8.4.2).

A is the strength reduction factor to account for low density concrete (CSA
2.2). For normal density concrete, its value is 1 (CSA 8.6.5), which is taken
by the program as the default value. For concrete using lower density aggre-
gate, the user can change the value of A in the material property data. The
recommended value for A is as follows (CSA 8.6.5):

1.00, for normal density concrete,

0.85, for semi-low-density concrete

A= in which all of the fine aggregate is natural sand, (CSA 8.6.5)
0.75, for semi-low-density concrete

in which none of the fine aggregate is natural sand.

[ is the factor for accounting for the shear resistance of cracked concrete

(CSA 2.2). Its value is normally between 0.1 and 0.4. It is determined
according to CSA 11.3.6, and described further in the following sections.
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b, is the effective web width. For uniform thickness slab, it is the width of the
slab. For flanged-shaped slab, it is the width of the web of the slab.
d, is the effective shear depth. It is taken as the greater of 0.9d or 0.72h(CSA

2.3), where d is the distance from the extreme compression fiber to the cen-
troid of the tension reinforcement, and h is the overall depth of the cross-
section in the direction of the shear force (CSA 2.3).

The value of g is preferably taken as the special value (CSA 11.3.6.2) or it is
determined using the simplified method (CSA 11.3.6.3), if applicable. When the
conditions of the special value or simplified method do not apply, the general
method is used (CSA 11.3.6.4).

If the overall slab depth, h, is less than 250 mm or if the depth of a flanged below
the slab is not greater than one-half of the width of the web or 350 mm, Sis taken
as 0.21 (CSA 11.3.6.2).

When the specified yield strength of the longitudinal reinforcing fy does not ex-
ceed 400 MPa, the specified concrete strength f'c does not exceed 60 MPa, and
the tensile force is negligible, g is determined in accordance with the simplified
method, as follows (CSA 11.3.6.3):

= When the section contains at least the minimum transverse reinforcement, g is
taken as 0.18 (CSA 11.6.3.3a).

B=0.18 (CSA 11.3.6.3(a))

= When the section contains no transverse reinforcement, £ is determined based
on the specified maximum nominal size of coarse aggregate, ag.

For a maximum size of coarse aggregate not less than 20 mm, £ is taken as:

230

== CSA 11.3.6.3(b
1000+ d, ( ®)

B

where dy is the effective shear depth expressed in millimeters.
For a maximum size of coarse aggregate less than 20 mm, £ is taken as:

230

=== (CSA 11.3.6.3 ¢)
1000 +s,,

B
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35s,
S+a,

where, S,, = 1 >(0.85s, (CSA11.3.6.3.c)

In the preceding expression, the crack spacing parameter, sz, shall be taken as
the minimum of d, and the maximum distance between layers of distributed lon-
gitudinal reinforcement. However, sz is conservatively taken as equal to dy.

In summary, for simplified cases, £ can be expressed as follows:

0.18, if minimum transverse reinforcement is provided,
p= i if no transverse reinforcement is provided, and a, > 20mm,
1000 +d,
230 . . . .
—————, if no transverse reinforcement is provided, and a; <20mm.
1000 +S,,

= When the specified yield strength of the longitudinal reinforcing fy is greater
than 400 MPa, the specified concrete strength f'. is greater than 60 MPa, or
tension is not negligible, g is determined in accordance with the general
method as follows (CSA 11.3.6.1, 11.3.6.4):

po— 040 1300 (CSA 11.3.6.4)

(1+1500¢,) (1000+S,,)

In the preceding expression, the equivalent crack spacing parameter, Sz is taken
equal to 300 mm if minimum transverse reinforcement is provided (CSA
11.3.6.4). Otherwise it is determined as stated in the simplified method.

300 if minimum transverse reinforcement is provided,
S =130 S, >0.85S, otherwise.
15+ a,

(CSA11.3.6.3,11.3.6.4)

The value of ag in the preceding equations is taken as the maximum aggregate
size for f'c of 60 MPa, is taken as zero for f'c of 70 MPa, and linearly interpolated
between these values (CSA 11.3.6.4).
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The longitudinal strain, & at mid-depth of the cross-section is computed from
the following equation:
M /d, +V; +0.5N,
&= (CSA 11.3.6.4)
2(EA)

In evaluating & the following conditions apply:

= & is positive for tensile action.

= V:and Ms are taken as positive quantities. (CSA 11.3.6.4(a))
= M is taken as a minimum of Vi d.. (CSA 11.3.6.4(a))
= Nt is taken as positive for tension. (CSA 2.3)

As is taken as the total area of longitudinal reinforcement in the slab. It is taken
as the envelope of the reinforcement required for all design load combinations.
The actual provided reinforcement might be slightly higher than this quantity.
The reinforcement should be developed to achieve full strength (CSA
11.3.6.3(b)).

If the value of & is negative, it is recalculated with the following equation, in
which A is the area of concrete in the flexural tensile side of the slab, taken as
half of the total area.

_ M, /d, +V; +0.5N,

g, = (CSA 11.3.6.4(c))
2(E,A +EA,)

E, = 200,000 MPa (CSA8.5.4.1)

E, =4500,/f, MPa (CSA8.6.2.3)

If the axial tension is large enough to induce tensile stress in the section, the
value of & is doubled (CSA 11.3.6.4(e)).

For sections closer than d, from the face of the support, & is calculated based on
M and Vi at a section at a distance dv from the face of the support (CSA
11.3.6.4(d)). This condition currently is not checked by ETABS.
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An upper limit on & is imposed as:

£,<0.003 (CSA 11.3.6.4(F))

In both the simplified and general methods, the shear strength of the section due
to concrete, v. depends on whether the minimum transverse reinforcement is pro-
vided. To check this condition, the program performs the design in two passes.
In the first pass, it assumes that no transverse shear reinforcement is needed.
When the program determines that shear reinforcement is required, the program
performs the second pass assuming that at least minimum shear reinforcement is
provided.

9.5.2.2 Determine Required Shear Reinforcement

The shear force is limited toV, where:

r,max

V. . =025¢f'b,d (CSA 11.3.3)

r,max
Given Vi, V¢, and Vr max, the required shear reinforcement is calculated as follows:
= If V, <V,
i=0 (CSA11.35.1)
S

" IfV, <V, <V

r,max’

Vi -V, Jtané
A :(f¢f—()j (CSA 11.3.3, 11.35.1)
S s 'yt¥v

= If Vi >V, a failure condition is declared. (CSA 11.3.3)

r,max ’

A minimum area of shear reinforcement is provided in the following regions
(CSA 11.2.8.1):

(@) inregions of flexural members where the factored shear force Vs exceeds
Ve

(b) inregions of slab with an overall depth greater than 750 mm.
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Where the minimum shear reinforcement is required by CSA 11.2.8.1, or by cal-
culation, the minimum area of shear reinforcement per unit spacing is taken as:

fl
%20.06—“f°bw (CSA 11.2.8.2)
yt

In the preceding equations, the term @is used, where @is the angle of inclination
of the diagonal compressive stresses with respect to the longitudinal axis of the
member (CSA 2.3). The @ value is normally between 22 and 44 degrees. It is
determined according to CSA 11.3.6.

Similar to the g factor, which was described previously, the value of @is prefer-
ably taken as the special value (CSA 11.3.6.2), or it is determined using the sim-
plified method (CSA 11.3.6.3), whenever applicable. The program uses the gen-
eral method when conditions for the simplified method are not satisfied (CSA
11.3.6.4).

= If the overall slab depth, h, is less than 250 mm or if the depth of the
flanged slab below the slab is not greater than one-half of the width of the web
or 350 mm, @is taken as 42 degrees (CSA 11.3.6.2).

= If the specified yield strength of the longitudinal reinforcing fy does not exceed
400 MPa, or the specified concrete strength f'c does not exceed 60 MPa, & is
taken to be 35 degree (CSA 11.3.6.3).

6 =35°for P; <0 or f, <400 MPa or f'c < 60 MPa (CSA11.3.6.3)

= If the axial force is tensile, the specified yield strength of the longitudinal re-
inforcing fy > 400 MPa, and the specified concrete strength f'c > 60 MPa, @is
determined using the general method as follows (CSA 11.3.6.4),

0=29+7000¢, for P; <0, f, >400 MPa, f'c<60 MPa (CSA11.3.6.4)

where & is the longitudinal strain at the mid-depth of the cross-section for the
factored load. The calculation procedure is described in preceding sections.

The maximum of all of the calculated A./s values obtained from each load com-
bination is reported along with the controlling shear force and associated load
combination.
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9.5.3

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated inde-
pendently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

9.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (CSA 13.3.3.1 and CSA 13.3.3.2). For rectangular columns
and concentrated loads, the critical area is taken as a rectangular area with the
sides parallel to the sides of the columns or the point loads (CSA 13.3.3.3). Fig-
ure 9-3 shows the auto punching perimeters considered by ETABS for the vari-
ous column shapes. The column location (i.e., interior, edge, corner) and the
punching perimeter may be overwritten using the Punching Check Overwrites.

Interior Column Edge Column Corner Column
AN T n
///’ \\\ d/2 d/2 //\ \\ : d/2
/ N ¢ AN ] )

II \ ; \ 1 \\
| 1 | 3 [ \
\ 1 | | ] H
\ / 1 | | 1
o ” : : : |
\\\___,’, |_ _____________ | L __________ :

Circular Column T-Shape Column L-Shape Column

Figure 9-3 Punching Shear Perimeters
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9.5.3.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be y: My
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be yy My, where

1
Yt = , and (CSA 13.10.2)
1+(2/3)y/by /b,
1
w=1- (CSA 13.3.5.3)

1+(2/3)\fb /b,

where by is the width of the critical section measured in the direction of the span,
and by is the width of the critical section measured in the direction perpendicular
to the span.

9.5.3.3 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as the minimum of the
following three limits:

2
142 10.2944/F7
¢(+ﬂ]

c

v, =min{ g, (0.19+ Osd J,z fr (CSA 13.3.4.1)

0

$,0.381[f!

where, £ is the ratio of the minimum to the maximum dimensions of the critical
section, by is the perimeter of the critical section, and o is a scale factor based
on the location of the critical section.

4, for interior columns
o, =<3, for edge colums, and (CSA 13.3.4.1(b))
2, for corner columns.
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The value of /', is limited to 8 MPa for the calculation of the concrete shear
capacity (CSA 13.3.4.2).

If the effective depth, d, exceeds 300 mm, the value of v¢ is reduced by a factor
equal to 1300/(1000 + d) (CSA 13.3.4.3).

9.5.3.4 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section.

_ Vi YvdMy, =V (Y = V)Tl (Y, — ¥s) = (X, = %5)]
Vi =——+ -

bod lool5s — I232 Eq. 1
7/V3[M £3 _Vf (Xs - X1)] [|22(X4 - X3) - Izs(YA, - Y3)]
I22'33 - |232
I, = Z I,,,, where “sides" refers to the sides of the critical
sides=1
section for punching shear Eq. 2
n —_—
I, = Z I,;, where "sides" refers to the sides of the critical
sides=1
section for punching shear Eq. 3
n —_—
l;= z l,;, where "sides" refers to the sides of the critical
sides =1
section for punching shear Eq. 4

The equations for 1,,, 1,,, and 1,, are different depending on whether the

side of the critical section for punching shear being considered is parallel
to the 2-axis or parallel to the 3-axis. Refer to Figures 9-4.
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Side of critical section
Critical section for X, - X being considered
punching shear i shown solid
shown by heavy line

/Center of side of critical
section being considered.

Centroid of entire L Coordinates are (X,,Y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s = wf\—=—
yz - y3 2

Plan View For Side of Critical Section Parallel to 3-Axis
Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown 3
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire
critical section for $
punching shear. Center of side of critical

Coordinates are (X,,Y,). -—,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis
Work This Sketch With Equations 5a, 6a and 7

Figure 9-4 Shear Stress Calculations at Critical Sections

I, =Ld(y, - y,)°, for side of critical section parallel to 2-axis ~ Eq. 5a

— Ld®* d’é
l,, = +—+Ld —v.)?2, for side of critical section
22 12 12 (y2 y3)

parallel to 3-axis Eq. 5b
3 3
I, = Ld + a +Ld(x, — X,)°, for side of critical section
12 12
parallel to 2-axis Eg. 6a

I, = Ld(x, — x,)*, for side of critical section parallel to 3-axis  Eq. 6b
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I, = Ld(X, — X,)(Y, — V,), for side of critical section parallel
to 2-axis or 3-axis Eq. 7

NOTE: 1,; is explicitly set to zero for corner condition.

where,

bo = Perimeter of the critical section for punching shear

d = Effective depth at the critical section for punching shear based on the
average of d for 2 direction and d for 3 direction

= Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 2-axis

I3 = Moment of inertia of the critical section for punching shear about an axis
that is parallel to the local 3-axis

l.s = Product of inertia of the critical section for punching shear with respect
to the 2 and 3 planes

L = Length of the side of the critical section for punching shear currently

being considered

Mr, = Moment about the line parallel to the 2-axis at the center of the column
(positive in accordance with the right-hand rule)

M:is = Moment about the line parallel to the 3-axis at the center of the column
(positive in accordance with the right-hand rule)

Vi = Punching shear stress
Vi = Shear at the center of the column (positive upward)
X1, Y1 = Coordinates of the column centroid

X2, Y2 = Coordinates of the center of one side of the critical section for punching
shear

X3, Ya = Coordinates of the centroid of the critical section for punching shear

Xa, Y2 = Coordinates of the location where stress is being calculated
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9.5.4

we = Percent of M, resisted by shear

ws = Percent of M resisted by shear

9.5.3.5 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm (CSA 13.2.1).
If the slab thickness does not meet these requirements, the punching shear rein-
forcement is not designed, and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is per-
formed as explained in the subsections that follow.

9.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is taken as:

v, =0.281¢,/ ', for shear studs (CSA13.3.8.3)
v, =0.194¢, ./ f ', for shear stirrups (CSA 13.3.9.3)

9.5.4.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of v where

r,max !

V, max = 0.754¢,/ T, for shear studs (CSA13.3.8.2)
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V, max = 0.554¢, /T, for shear stirrups (CSA 13.3.9.2)

Given vy, Ve, and Vi, max, the required shear reinforcement is calculated as follows,
where, ¢, is the strength reduction factor.

= |fvi> Vr,max,

Vi —V,
A = ubo (CSA 13.3.8.5,13.3.9.4)
S g f,
= If Vi > Vy max, @ failure condition is declared. (CSA 13.3.8.2)

= If vi exceeds the maximum permitted value of vimax, the concrete section should
be increased in size.

9.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 9-5 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

Typical Studrail Outermost Outermost

(only first and last peripheral line ) peripheral line
studs shown) —L z4(# studs N— of studs Eree

d/2

I
|
I
s [+1!
I e — X °X d I
age —>I ld—
Critical Y d/2
section A’
centroid  Free /1 4___‘_/ %
edge y’ X i
Free edge _/ I Crltical section
— —'\,— centroid
Interior Column Edge Column Corner Column

Figure 9-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone
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The distance between the column face and the first line of shear reinforcement
shall not exceed

0.4d for shear studs (CSA 13.3.8.6)
0.25d for shear stirrups (CSA 13.3.8.6)

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

9.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in CSA 7.9 plus half of the diameter of
the flexural reinforcement.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.4d. The limits of
So and the spacing, s, between the peripheral lines are specified as:

s, <0.4d (CSA 13.3.8.6)
0.75d v; <0.564¢../f"
s < f Ayt (CSA 13.3.8.6)
0.50d v; >0.5644,./F",
For shear stirrups,
s, <0.25d (CSA 13.3.9.5)
s <0.25d (CSA 13.3.9.5)

The minimum depth for reinforcement should be limited to 300 mm (CSA
13.3.9.1).
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Chapter 10
Design for Eurocode 2-2004

This chapter describes in detail the various aspects of the concrete design
procedure that is used by ETABS when the European code Eurocode 2-2004
[EN 1992-1-1:2004] is selected. For the load combinations, reference is also
made to Eurocode 0 [EN 1990], which is identified with the prefix “EC0.” Var-
ious notations used in this chapter are listed in Table 10-1. For referencing to the
pertinent sections of the Eurocode in this chapter, a prefix “EC2” followed by
the section number is used. It also should be noted that this section describes the
implementation of the CEN Default version of Eurocode 2-2004, without a coun-
try specific National Annex. Where Nationally Determined Parameters [NDPs]
are to be considered, this is highlighted in the respective section by the notation
[NDP].

The design is based on user-specified loading combinations. However, the pro-
gram provides a set of default load combinations that should satisfy requirements
for the design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and
descriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations 10-1
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10.1 Notations

Table 10-1 List of Symbols Used in the Eurocode 2-2004

Ac Area of concrete section, mm?

As Area of tension reinforcement, mm?

A Area of compression reinforcement, mm?

Aql Area of longitudinal reinforcement for torsion, mm?

Asw Total cross-sectional area of links at the neutral axis, mm?

Asw /Sy Area of shear reinforcement per unit length, mm?/mm

Ails Area of transverse reinforcement per unit length for torsion,
mm?/mm

a Depth of compression block, mm
Width or effective width of the section in the compression zone,
mm

by Width or effective width of flange, mm

bw Average web width of a flanged slab section, mm

d Effective depth of tension reinforcement, mm

d Effective depth of compression reinforcement, mm

Ec Modulus of elasticity of concrete, MPa

Es Modulus of elasticity of reinforcement

fed Design concrete strength = oc fox / ye, MPa

fe Characteristic compressive concrete cylinder strength at 28 days,
MPa

fetm Mean value of concrete axial tensile strength, MPa

fowd Design concrete compressive strength for shear design = o
fo /" MPa

Ye

fowk Characteristic compressive cylinder strength for shear design,
MPa

s Compressive stress in compression reinforcement, MPa

fyd Design yield strength of reinforcement = fy /ys, MPa

10-2 Notations
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Table 10-1 List of Symbols Used in the Eurocode 2-2004

e
fywd
fyuk

h

hr

Meq

m

Miim

Sv

Ted
Trac
TRd, max
u

VRde
VRd, max
Ved

X

Xiim

Cew

&
&
Es

%

Characteristic strength of shear reinforcement, MPa
Design strength of shear reinforcement = fy /ys, MPa
Characteristic strength of shear reinforcement, MPa
Overall depth of section, mm

Flange thickness, mm

Design moment at a section, N-mm

Normalized design moment, M/bd®nfeq

Limiting normalized moment capacity as a singly reinforced slab
Spacing of the shear reinforcement, mm

Torsion at ultimate design load, N-mm

Torsional cracking moment, N-mm

Design torsional resistance moment, N-mm
Perimeter of the punch critical section, mm

Design shear resistance from concrete alone, N
Design limiting shear resistance of a cross-section, N
Shear force at ultimate design load, N

Depth of neutral axis, mm

Limiting depth of neutral axis, mm

Lever arm, mm

Coefficient accounting for long-term effects on the concrete com-
pressive strength

Coefficient accounting for the state of stress in the compression
chord

Redistribution factor

Concrete strain

Strain in tension reinforcement
Strain in compression steel

Partial safety factor for concrete strength
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Table 10-1 List of Symbols Used in the Eurocode 2-2004

¥
A

v

Ocp

Mhim

10.2  Desi

Partial safety factor for reinforcement strength
Factor defining the effective depth of the compression zone

Effectiveness factor for shear resistance without concrete crush-
ing

Concrete strength reduction factor for sustained loading and stress
block

Tension reinforcement ratio

Axial stress in the concrete, MPa

Angle of the concrete compression strut
Normalized tension reinforcement ratio
Normalized compression reinforcement ratio

Normalized limiting tension reinforcement ratio

gn Load Combinations

The design load combinations are the various combinations of the load cases for

which

the structure needs to be checked. Eurocode 0-2002 allows load combina-

tions to be defined based on ECO Equation 6.10 or the less favorable of ECO

Equati

ons 6.10a and 6.10b [NDP].

Z?/G,ij,j +7pP+70:Qus + ZVQ,i'//o,iQk,i (ECO Eqg. 6.10)
j>1 i>1

Z 76.iGk; T 7o P+ 701¥01Q1 + Z?’Q,i‘//o,iQk,i (ECO Eq. 6.10a)
j>1 i>1

Z§j7G,ij,j +7pP +70:Qc1 + Z?”Q,i‘/’O,iQk,i (ECO Eqg. 6.10b)
j>1 i>1

Load combinations considering seismic loading are automatically generated
based on ECO Equation 6.12b.

DG P+ A+ 1,Q,, (ECO Eqg. 6.12h)

j>1 i>1
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Chapter 10 - Design for Eurocode 2-2004

For this code, if a structure is subjected to dead (D), live (L), pattern live (PL),
snow (S), wind (W), and earthquake (E) loads, and considering that wind and
earthquake forces are reversible, the following load combinations need to be
considered if equation 6.10 is specified for generation of the load combinations
(ECO0 6.4.3):

Yaisup D (ECO Eq. 6.10)
YeisuwD +vo1L (ECO Eq. 6.10)
YajsuD + (0.75)yq1 PL (ECO Eq. 6.10)

Yoijint D £ yo1 W
YGj,sup D+ ’YQJW (ECO Eq 610)

Yeisup D + vo1 L £ yQiwoi W

Yeisuw D+ vo1 L +vQiwoiS

Yeisup D £ 701 W + vqiwoil

Yejsup D £ 701 W + 0 Woi S (ECO Eq. 6.10)
Yeisup D+ v0.1S £ yqiwoi W

Yeisup D + Q1S + yqiwoil

Yaisup D + vo1 L +vqQiwo,i S £ vq,iwoi W
Yejsup D £ yQ1 W + yqiwoiL + vQiwoiS (ECO Eq. 6.10)
Yaisup D +v0,1S + 70 Woi W + yq,iyo,i L

D+1.0E

D+ 1.0E +y2iL (ECO Eq. 6.12b)
D+ 1.0E+ il +y2;S

If the load combinations are specified to be generated from the max of ECO
Equations 6.10a and 6.10b, the following load combinations from both equations
are considered in the program.

Yjsup D (ECO Eq. 6.10a)
éYGj,sup D (ECO Eq 610b)
YeisuD +vQ1woa L (ECO Eq. 6.10a)
é YGj,supD + 701 L (ECO Eq 610b)
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YeisupD + (0.75)yg,1 o1 PL
E_, 'YGj,supD + (075)YQ,1 PL

Yeiint D £ vo.1 o1 W
Yejsup D £ yo1 Wo1 W
Yai,inf D £ yo,1 W

€ Yejsp D £ vQ1 W

Yaisup D + vo1wo1 L +yqiwoi W
Yeisup D + Y01 Wo1 L + Qi wo,iS
Yaisup D £ vQ1wo1 W + yqiwo,iL
Yeisup D £ 701 W01 W + yqiwo,i S
Yaisuwp D + 0,1 Wo1 S + yq,iwo,i L
Yeisuwp D + V0,1 Wo1S £ g, wo,i W

€ veisup D+ vo1L £ yQiwoi W
€ veisup D + vQ1 L + Qi wo,i S
€ veisup D +v01S £ yqiwoi W
€ veisup D + 701 S + vqivoil
Yoijint D £ yo,1 W + yq,iwo,i L
vYai,int D £ y01 W + v0,i Wo,i S

D+ 1.0E
D+ 1.0E + yy,iL
D+ 1.0E+ il +y2;S

(ECO Eq. 6.10a)
(ECO Eq. 6.10b)

(ECO Eq. 6.10a)
(ECO Eq. 6.10a)
(ECO Eq. 6.10b)
(ECO Eq. 6.10b)

(ECO Eq. 6.10a)

(ECO Eq. 6.10b)

(ECO Eq. 6.12b)

For both sets of load combinations, the variable values for the CEN Default ver-
sion of the load combinations are defined in the list that follows [NDP].

Yeisup = 1.35

veiint = 1.00

Yyor =15

voi =15

woi = 0.7 (live load, assumed not to be storage)

yoi = 0.6 (wind load)

woi = 0.5 (snow load, assumed H < 1,000 m)

10-6 Design Load Combinations
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10.3

10.4

€ =0.85 (ECO Table A1.2(B))
y2i = 0.3 (live, assumed office/residential space) (ECO Table A1.1)
y2i =0 (snow, assumed H < 1,000 m) (ECO Table A1.1)

These are also the default design load combinations in ETABS whenever the
Eurocode 2-2004 code is used. If roof live load is treated separately or other
types of loads are present, other appropriate load combinations should be used.

Limits on Material Strength

The concrete compressive strength, fe, should not be greater than 90 MPa (EC2
3.1.2(2)). The lower and upper limits of the reinforcement yield strength, fy,
should be 400 and 600 MPa, respectively (EC2 3.2.2(3)).

ETABS enforces the upper material strength limits for flexure and shear design
of slabs. The input material strengths are taken as the upper limits if they are
defined in the material properties as being greater than the limits. It is the user's
responsibility to ensure that the minimum strength is satisfied.

Partial Safety Factors

The design strengths for concrete and steel are obtained by dividing the charac-
teristic strengths of the materials by the partial safety factors, ysand yc as shown
here [NDP].

fog =0t fo I vc (EC2 3.1.6(1))
fra = fuclvs (EC23.2.7(2))
fowa = Fouc /Y (EC23.2.7(2))

acc IS the coefficient taking account of long term effects on the compressive
strength. o is taken as 1.0 by default and can be overwritten by the user (EC2
3.1.6(1)).
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The partial safety factors for the materials and the design strengths of concrete
and reinforcement are given in the text that follows (EC2 2.4.2.4(1), Table 2.1N):

Partial safety factor for reinforcement, ys = 1.15
Partial safety factor for concrete, yc = 1.5

These values are recommended by the code to give an acceptable level of safety
for normal structures under regular design situations (EC2 2.4.2.4). For acci-
dental and earthquake situations, the recommended values are less than the tab-
ulated values. The user should consider those separately.

These values can be overwritten; however, caution is advised.

10.5 Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

10.5.1 Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
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boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

10.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

10.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression rein-
forcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 10-1 (EC2 3.1.7(3)). The area of the stress block and the depth of the
compressive block is taken as:
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F, =zf 4ab (EC2 3.1.7(3), Fig 3.5)
a=Ax (EC2 3.1.7(3), Fig 3.5)

where x is the depth of the neutral axis. The factor A defining the effective height
of the compression zone and the factor 7 defining the effective strength are given

as:
1=0.8 for fu <50 MPa (EC2 3.1.7(3))
f, —50
1=0.8 for 50 < fu <90 MPa (EC23.1.7(3))
400
n=1.0 for fo <50 MPa (EC23.1.7(3))
f, —50
n=10- 530 for 50 < fu <90 MPa (EC23.1.7(3))

Furthermore, it is assumed that moment redistribution in the member does not
exceed the code-specified limiting value. The code also places a limitation on
the neutral axis depth, to safeguard against non-ductile failures (EC2 5.5(4)).
When the applied moment exceeds the limiting moment capacity as a singly
reinforced slab, the area of compression reinforcement is calculated assuming
that the neutral axis depth remains at the maximum permitted value.

The limiting value of the ratio of the neutral axis depth at the ultimate limit state
to the effective depth, (x/d)“m, is expressed as a function of the ratio of the

redistributed moment to the moment before redistribution, o, as follows:

G) ~ 97K for < 50 MPa (EC2 5.5(4))

lim 2

G) _9=Ks for > 50 MPa (EC2 5.5(4))
lim 4

For reinforcement with fy < 500 MPa, the following values are used:

ki = 0.44 [NDP] (EC5.5(4))
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Kz = ks = 1.25(0.6 + 0.0014/ec.2) [NDP] (EC 5.5(4))
ks = 0.54 [NDP] (EC 5.5(4))
oisassumed to be 1

where the ultimate strain, .2 [NDP], is determined from EC2 Table 3.1 as:

&u2 = 0.0035 for fo < 50 MPa (EC2 Table 3.1)
4
g = 2.6+ 35[ (90— f, ) /100 | for fu > 50 MPa (EC2 Table 3.1)

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the subsections that follow.

Sas nfcd
— e
v
A A P T
] (I, X f c, a =l AX
d h
o ° I

S

Asj e " "=

BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 10-1 Uniform Thickness Slab Design
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10.5.1.2.1 Design of uniform thickness slab

For uniform thinness slab, the normalized moment, m, and the normalized sec-
tion capacity as a singly reinforce slab, miim, are obtained first. The reinforcement
area is determined based on whether m is greater than, less than, or equal to Mjim.

= The normalized design moment, m, is calculated as:

M
m=——
bd 277fcd

= The normalized concrete moment capacity as a singly reinforced slab, Mjim, is
calculated as:

=2 [i-4(2) |

= If m < miim, a singly reinforced slab is designed. The normalized reinforcement
ratio is calculated as:

w=1-+1-2m
The area of tension reinforcement, As, is then given by:
nfcd bd
A=
flg

This reinforcement is to be placed at the bottom if Mgq is positive, or at the top
if Meq is negative.

= If m > mym, both tension and compression reinforcement is designed as fol-
lows:

The normalized steel ratios @', amim, and w are calculated as:
X
Ojjm = ﬂ(aj =1-,1-2m,
lim

v M =My
w'=—/""T
1-d’/d
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=W, +O

where, d' is the depth to the compression reinforcement from the concrete com-
pression face.

The area of compression and tension reinforcement, A's and As, are given by:

A;za)' 771:(:(.1bd
f; _nfcd

f.,bd }

e

yd

where, f's is the stress in the compression reinforcement, and is given by:

f! = E s {1— d }s g (EC2 6.1, 3.2.7(4), Fig 3.8)

lim

10.5.1.2.2 Design of nonuniform thickness slab

10.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, Mgq (i.€., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

10.5.1.2.2.2 Flanged Slab Section Under Positive Moment

With the flange in compression, the program analyzes the section by considering
alternative locations of the neutral axis. Initially, the neutral axis is assumed to
be located within the flange. Based on this assumption, the program calculates
the depth of the neutral axis. If the stress block does not extend beyond the flange
thickness, the section is designed as a uniform thickness slab of width by. If the
stress block extends beyond the flange, additional calculation is required. See
Figure 10-2.

= The normalized design moment, m, is calculated as:
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m= fl (EC2 6.1, 3.1.7(3))
bd’nf

= The limiting values are calculated as:

X Al x
m,_ = l[dlim[l— Z[dlﬁj (EC25.5(4), 3.1.7(3))

il

Amax = @iimd

= The values w and a are calculated as:

wo=1—+1-2m

a=od
Eoua nfcd Tlfcd
- - h — - - -
bor N -—ﬁ
{ ;d'_ £ “c. T
A k) : a =ix - Gy

" |

C

d l e

@ L L I
by -+

(i) BEAM () STRAIN (iii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 10-2 Nonuniform Thickness Slab Design

= If a < hy, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in that case, the width
of the slab is taken as br. Compression reinforcement is required when m >

Miim.
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= If a > hy, the calculation for As has two parts. The first part is for balancing the
compressive force from the flange, and the second part is for balancing the
compressive force from the web, as shown in Figure 10-2. The reinforcement
area required for balancing the flange compression, Asz is given as:

B (bf _bw)hfﬂfcd
2 f

yd

and the corresponding resistive moment is given by

hf
Mz :Aszfyd d_?

The reinforcement required for balancing the compressive force from the web,
considering a rectangular section of width by, to resist the moment,
M: =M — My, is determined as follows:

M,

m=——--—
' bwd 277fcd

= If my < My,

o, =1-1-2m,
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A;:a)l Ufcdbd
fls_nfcd

f.4b,d
Ay :a’ll:n ? :l
yd

where, f's is given by:

f! = E s {1— d }s g (EC2 6.1, 3.2.7(4), Fig 3.8)

lim

The total tension reinforcement is As = As; + Asz, and the total compression rein-
forcement is A's. As is to be placed at the bottom and A's is to be placed at the top.

10.5.1.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (EC2 9.3.1.1) [NDP]:

f

A min = 0-26f°—m‘bd (EC2 9.2.1.1(1))
yk

A, i =0.0013bd (EC29.2.1.1(1))
where fum is the mean value of axial tensile strength of the concrete and is com-
puted as:

f. =0.30f, "% for f <50 MPa (EC2 Table 3.1)

fum =2.12In(1+ f,, /10) for fo > 50 MPa (EC2 Table 3.1)

fon = Ty +8 MPa (EC2 Table 3.1)

The minimum flexural tension reinforcement required for control of cracking
should be investigated independently by the user.

An upper limit on the tension reinforcement and compression reinforcement has
been imposed to be 0.04 times the gross cross-sectional area (EC 9.2.1.1(3)).
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10.5.2

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved (EC2 6.2):

= Determine the factored shear force, Veq.
= Determine the shear force, Vra,, that can be resisted by the concrete.
= Determine the shear reinforcement required.

The following three sections describe in detail the algorithms associated with
these steps.

10.5.2.1 Determine Factored Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

10.5.2.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, Ve, is calculated as:
3
Vrge = [CRd'Ck(loo o)+ klacp]bwd (EC26.2.2(2))

with a minimum of:

VRd,c = (Vmin + klgcp) b,,d (EC26.2.2(2))
where

fu is in MPa

k=1+ . f% <2.0 withdin mm (EC26.2.2(1))
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A
o = tension reinforcement ratio = b S(lj <0.02 (EC26.2.2(2))
Aq = area of tension reinforcement (EC26.2.2(1))
o, =Ng /A <0.2f, MPa (EC26.2.2(1))

The value of Crg,c, Vmin and ki for use in a country may be found in its National
Annex. The program default values for Cry,c [NDP], Vmin [NDP], and ki [NDP]
are given as follows (EC2 6.2.2(1)):

Cra,c= 0.18/y (EC2 6.2.2(1))
Vimin = 0.035 k32 fy /2 (EC2 6.2.2(1))
ki =0.15. (EC2 6.2.2(1))

For light-weight concrete:

Crac= 0.18/ v (EC2 11.6.1(1))
Vimin = 0.03 k32 f, 2 (EC2 11.6.1(1))
ki =0.15. (EC2 11.6.1(1))

10.5.2.3 Determine Required Shear Reinforcement

The shear force is limited to a maximum of;

[e 2 WA §
V, =cow w2l e \where EC26.2.3(3
REM ™ cot @ + tan @ ( 3)
acw [NDP] is conservatively taken as 1. (EC26.2.3(3))
The strength reduction factor for concrete cracked in shear, vi [NDP], is
defined as:
v, =0.6 1—i (EC2 6.2.2(6))
' 250
z=0.9d (EC26.2.3(1))
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10.5.3

@ is optimized by the program and is set to 45° for combinations including
seismic loading (EC2 6.2.3(2)).

Given Veqd, Vrde, and Vrymax, the required shear reinforcement is calculated as
follows:

* If Veg < VR,

Asw - Asw,min
S S

v

= If Vrde < VEd £ VRd,max

Asw _ VEd > Asw,min

= > (EC26.2.3(3))
s zf,, cotd S
= If Ved > Vra,max, & failure condition is declared. (EC26.2.3(3))
The minimum shear reinforcement is defined as:
- 0.08f
Awmin _ “b (EC29.2.2(5))

w
S fyk
The maximum of all of the calculated Asw/sv values obtained from each load
combination is reported along with the controlling shear force and associated
load combination.

The slab shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
ments to satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Key Features and Terminology manual.
Only the code-specific items are described in the following subsections.
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10.5.3.1 Critical Section for Punching Shear

The punching shear is checked at the face of the column (EC2 6.4.1(4)) and at a
critical section at a distance of 2.0d from the face of the support (EC2 6.4.2(1)).
The perimeter of the critical section should be constructed such that its length is
minimized. Figure 10-3 shows the auto punching perimeters considered by
ETABS for the various column shapes. The column location (i.e., interior, edge,
corner) and the punching perimeter may be overwritten using the Punching
Check Overwrites.

/
N , D
Interior Column Edge Column
. /""\\
e ~_ ,2d 2d_ AP \
/ \, / \
/ \ N
! ! |( 3
\ ! |
\ / I 1
AN e [ :
N7 ey 3
Circular Column T-Shape Column L-Shape Column

Figure 10-3 Punching Shear Perimeters

10.5.3.2 Determination of Concrete Capacity

The concrete punching shear stress capacity is taken as:
Y3
Vase =| Caack (1000, Ty )* + ki | (EC2 6.4.4(1))
with a minimum of:

Veao = Viin +Ki00) (EC2 6.4.4(1))

min

where f is in MPa and
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k=1+ /% <2.0 with d in mm (EC2 6.4.4(1))
P = \[pup, <002 (EC2 6.4.4(1))

where pi and piy are the reinforcement ratios in the x and y directions respec-
tively, which is taken as the average tension reinforcement ratios of design strips
in Layer A and layer B where Layer A and Layer design strips are in orthogonal
directions. When design strips are not present in both orthogonal directions then
tension reinforcement ratio is taken as zero in the current implementation, and

Ocp = (O'cx + O'cy)/z (EC2 644(1))

where acx and oy are the normal concrete stresses in the critical section in the x
and y directions respectively, conservatively taken as zeros.

Crg. =0.18/y, [NDP] (EC2 6.4.4(1))
v, =0.035k¥?f " [NDP] (EC2 6.4.4(1))
ki=0.15 [NDP]. (EC2 6.4.4(1))

10.5.3.3 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear, the nominal design shear stress, Veq, is calculated as:

M_,.u M, .u
Vo |y g Meazth |y Measth , where (EC2 6.4.4(2))

Vo, =
“ ud VEdW1,2 VEdWLS

k is the function of the aspect ratio of the loaded area in Table 6.1 of
EN 1992-1-1

us Iis the effective perimeter of the critical section
d isthe mean effective depth of the slab

Meq is the design moment transmitted from the slab to the column at the
connection along bending axis 2 and 3
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Veq is the total punching shear force

W, accounts for the distribution of shear based on the control perimeter
along bending axis 2 and 3.

10.5.3.4 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is per-
formed as described in the subsections that follow.

10.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

10.5.4.2 Determine Required Shear Reinforcement

The shear is limited to a maximum of Vrgmax Calculated in the same manner as
explained previously for slabs.

Given Veq, Vrd,c, and Vra,max, the required shear reinforcement is calculated as fol-
lows (EC2 6.4.5).

= If VRde < Ved < VRdmax
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075
= (v VR"‘)(uld)sr (EC2 6.4.5)
15% 0.

= If Ved > Vrd,max, @ failure condition is declared. (EC26.2.3(3))

= If veq exceeds the maximum permitted value of Vrgmax, the concrete section
should be increased in size.

10.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 10-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

Typical Studrail Outermost Out_ermost _
(only first and last peripheral line N peripheral line
studs shown) —L of studs N of studs Free
edge
By —— _"/ d/2 il = il =1 d/2 | /j
Y -
S 8 T 4 y _I_% i B
! i |
1S, |
=i X [ 1E
1 i O. ] :‘_
I Critical b d/2
Iy A ! ) d/
\ 1 section Y, ¥4
Se i centroid Free_/4___l__/ %
i edge Y X o
Free edge _/ l, Crltical section
y T N :
M N— centroid
le——1
jle—1,
Interior Column Edge Column Corner Column

Figure 10-4 Typical arrangement of shear studs and
critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed 2d. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 1.5d measured in a
direction parallel to the column face (EC2 9.4.3(1)).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
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shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

10.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in EC2 4.4.1 plus half of the diameter of
the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
10-, 12-, 14-, 110-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.3d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 1.5d and should not exceed 2d at additional perimeters. The limits of s, and
the spacing, s, between the peripheral lines are specified as:

0.3d<s,< 2d (EC29.4.3(1))
s< 0.75d (EC2 9.4.3(1))
g < 1.5d (first perimeter) (EC29.4.3(1))
g < 2d (additional perimeters) (EC29.4.3(1))

Nationally Determined Parameters (NDPs)

The Comité Européen de Normalisation (CEN) version of Eurocode 2-2004
specifies a set of clauses in the design code, for which Nationally Determined
Parameters [NDPs] are permitted to be adjusted by each member country within
their National Annex. Variations in these parameters between countries are con-
sidered in the program by choosing the desired country from the Options menu
> Preferences > Concrete Frame Design command. This appendix lists the
NDPs as adopted in the program for the CEN Default version of the design code.
Additional tables are provided that list the NDPs that differ from the CEN De-
fault values for each country supported in the program.
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Table 10-2 CEN Default NDPs

NDP Clause Value
% 2.4.2.4(1) 15
% 2.4.2.4(1) 1.15
Occ 3.1.6(1) 1.0
orct 3.1.6(2) 1.0
max fyk 3.2.2(3) 600MPa
Load Combinations 5.1.3(1) Combinations from Eq. 6.10
& 5.2(5) 0.005
ky 5.5(4) 0.44
ko 5.5(4) 1.25(0.6 + 0.0014/ o)
ks 5.5(4) 0.54
ka 5.5(4) 1.25(0.6 + 0.0014/ &w2)
lim 5.8.3.1(1) 20-A-B-C/vJn
Crac 6.2.2(1) 0.18/%
Viin 6.2.2(1) 0.035k32fg /2
ki 6.2.2(1) 0.15
o 6.2.3(2) 45 degrees
fou
v 6.2.3(3) 0.6{1—2—50}
aew 6.2.3(3) 1.0
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Table 10-2 CEN Default NDPs

NDP Clause Value
Beam Asmin 0.211(1) o.zaf;—;:ud > 000130
Beam As max 9.2.1.1(3) 0.04Ac
Beam puw,min 9.2.2(5) (0.08 f )/ e
Olee 11.3.5(1) 0.85
et 11.3.5(2) 0.85
Cirde 11.6.1(1) 0.15/%
Vi,min 11.6.1(1) 0.30k¥?figi M2
ki 11.6.1(1) 0.15
Vi 11.6.2(1) 0.5771(1 - fie/250)
Table 10-3 Denmark NDPs
NDP Clause Value
Ye 2.4.2.4(1) 1.45
¥s 2.4.2.4(1) 1.20
Max fyk 3.2.2(3) 650MPa
Load Combinations 5.1.3(1) Combinations from Eq. 6.10a/b
Alim 5.8.3.1(1) 20-\/E
Neq
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Table 10-3 Denmark NDPs

NDP

Clause Value
Beam pumin 9.2.2(5) (0.063 f )/ f,
Onee 11.3.5(1) 1.0
ot 11.3.5(2) 1.0
Vi,min 11.6.1(1) 0.03K?3fi /2
Table 10-4 Finland NDPs
NDP Clause Value
Olce 3.1.6(1) 0.85
Max fyk 3.2.2(3) 700MPa
Load Combinations 5.1.3(1) Combinations from Eq. 6.10a/b
ko 5.5(4) 1.10
Beam As max 9.2.1.1(3) Unlimited
Table 10-5 Norway NDPs
NDP Clause Value
e 3.1.6(1) 0.85
ot 3.1.6(2) 0.85
Alim 5.8.3.1(1) 13(2 — rm)As
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Table 10-5 Norway NDPs

NDP Clause Value
“ 6221 oS or nsion
Vimin 6.2.2(1) 0.035k3/2f, /2
Beam pwmin 9.2.2(5) (o. » )/ f
Vi,min 11.6.1(1) 0.03K23fg L2

0.15 for compression
ke 11.6.1(1) 0.3 for tension

vi 11.6.2(1) 0.5(1 - fic/250)

Table 10-6 Singapore NDPs

NDP Clause Value
Olce 3.1.6(1) 0.85
k1 5.5(4) 0.4
kz 5.5(4) 0.6 +0.0014/ s
ks 5.5(4) 0.54
ka 5.5(4) 0.6 + 0.0014/ o2
Viim 5.8.3.1(1) 0.30k32fi i /2

Table 10-7 Slovenia NDPs
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NDP Clause Value
Same As CEN Default
Table 10-8 Sweden NDPs
NDP Clause Value
Beam Asmax 9.2.1.1(3) Unlimited
once 11.3.5(1) 1.0
Oict 11.3.5(2) 1.0
Table 10-9 United Kingdom NDPs
NDP Clause Value
wo,i (wind load) ECO0 Combos 0.5
orc 3.1.6(1) 0.85
ka 5.5(4) 0.4
k2 5.5(4) 0.6 +0.0014/ &u2
ks 5.5(4) 0.4
ka 5.5(4) 0.6 +0.0014/ecu2
Vi min 11.6.1(1) 0.30k¥?figi M2
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Chapter 11
Design for Hong Kong CP-2013

11.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Hong Kong limit state code CP-2013 [CP
2013] is selected. The various notations used in this chapter are listed in Table
11-1. For referencing to the pertinent sections of the Hong Kong code in this
chapter, a prefix “CP” followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 11-1 List of Symbols Used in the CP-2013 Code

Aq Gross area of cross-section, mm?
A Area of longitudinal reinforcement for torsion, mm?
As Area of tension reinforcement, mm?
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Table 11-1 List of Symbols Used in the CP-2013 Code

A's Area of compression reinforcement, mm?
Asy Total cross-sectional area of links at the neutral axis, mm?
Asvt Total cross-sectional area of closed links for torsion, mm?

Aw/s,  Area of shear reinforcement per unit length, mm?/mm

a Depth of compression block, mm
b Width or effective width of the section in the compression zone,
mm
by Width or effective width of flange, mm
bw Average web width of a flanged shaped section, mm
C Torsional constant, mm?*
d Effective depth of tension reinforcement, mm
d Depth to center of compression reinforcement, mm
E. Modulus of elasticity of concrete, N/mm?
Es Modulus of elasticity of reinforcement, assumed as 200,000 N/mm?
f Punching shear factor considering column location
feu Characteristic cube strength, N/mm?
‘s Stress in the compression reinforcement, N/mm?
fy Characteristic strength of reinforcement, N/mm?
fyv Characteristic strength of shear reinforcement, N/mm?
h Overall depth of a section in the plane of bending, mm
ht Flange thickness, mm
Pmin Smaller dimension of a rectangular section, mm
Pmax Larger dimension of a rectangular section, mm
K . . M
Normalized design moment, —*—
bd?f,
K' Maximum bd|V2|u for a singly reinforced concrete section
cu
ki Shear strength enhancement factor for support compression
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Table 11-1 List of Symbols Used in the CP-2013 Code

%
k Concrete shear strength factor, [fcu / 25]

M Design moment at a section, N-mm
Msinge  Limiting moment capacity as singly reinforced slab section, N-mm

Sv Spacing of the links along the strip, mm

T Design torsion at ultimate design load, N-mm
u Perimeter of the punch critical section, mm
\Y Design shear force at ultimate design load, N

Design shear stress at a slab cross-section or at a punching critical
section, N/mm?

Ve Design concrete shear stress capacity, N/mm?
Vimax Maximum permitted design factored shear stress, N/mm?
Vi Torsional shear stress, N/mm?

X Neutral axis depth, mm

Xbal Depth of neutral axis in a balanced section, mm
z Lever arm, mm

Yij Torsional stiffness constant

o Moment redistribution factor in a member

%" Partial safety factor for load

I Partial safety factor for material strength

& Maximum concrete strain

& Strain in tension reinforcement

s Strain in compression reinforcement

11.2  Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. The design load combinations are ob-
tained by multiplying the characteristic loads by appropriate partial factors of
safety, yr (CP 2.3.1.3). For CP-2013, if a structure is subjected to dead (G), live
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11.3

11.4

(Q), pattern live (PQ), and wind (W) loads, and considering that wind forces are
reversible, the following load combinations may need to be considered. (CP
2.3.2.1, Table 2.1).

1.4G
1.4G + 1.6Q (CP2.3.2)
1.4G + 1.6(0.75PQ) (CP2.3.2)
1.0G + 1.4W

1.4G + 1.4W (CP2.3.2)

1.2G +12Q + 1.2W

These are also the default design load combinations in ETABS whenever the
CP-2013 code is used. If roof live load is separately treated or other types of
loads are present, other appropriate load combinations should be used. Note that
the automatic combination, including pattern live load, is assumed and should
be reviewed before using for design.

Limits on Material Strength

The concrete compressive strength, fc,, should not be less than 20 N/mm? (CP
3.1.3). The program does not enforce this limit for flexure and shear design of
slabs. The input material strengths are used for design even if they are outside of
the limits. It is the user's responsible to use the proper strength values while de-
fining the materials.

Partial Safety Factors

The design strengths for concrete and reinforcement are obtained by dividing the
characteristic strength of the material by a partial safety factor, ym. The values of
7 used in the program are listed in the following table, as taken from CP Table
2.2 (CP 24.3.2):
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11.5

11.5.1

Values of yn for the Ultimate Limit State

Reinforcement 1.15
Concrete in flexure and axial load 1.50
Concrete shear strength without shear reinforcement 1.25

These factors are incorporated into the design equations and tables in the code,
but can be overwritten.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:
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= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

11.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

11.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding the compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 11-1 (CP 6.1.2.4(a)), where & max is defined as:

0.0035 if f, <60N/mm?
& =
0.0035—0.00006( f,, —60)% if f, >60N/mm?
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Furthermore, it is assumed that moment redistribution in the member does not
exceed 10% (i.e., S, > 0.9; CP 6.1.2.4(b)). The code also places a limitation on
the neutral axis depth,

05 for f, <45N/mm?

cu —
gs 04 for 45<f, <70 N/mm? (CP 6.1.2.4(b))

cu —
0.33 for 70< f, <100N/mm?
to safeguard against non-ductile failures (CP 6.1.2.4(b)). In addition, the area of
compression reinforcement is calculated assuming that the neutral axis depth re-
mains at the maximum permitted value.

The depth of the compression block is given by:

0.9x for f <45 N/mm?

cu

a=108x for 45<f, <70N/mm? (CP 6.1.2.4(a), Fig 6.1)
0.72x for 70<f, <100 N/mm?®

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (0.1f.Ag) (CP 6.1.2.4(a)), axial force is ignored; hence, all slabs are de-
signed for major direction flexure and shear only. Axial compression greater
than 0.1fcuAg and axial tensions are always included in flexural and shear design.

11.5.1.2.1Design of uniform thickness slab

For uniform thickness slab, the limiting moment capacity as a singly reinforced
slab, Msingie, 1S Obtained first for a section. The reinforcing is determined based
on whether M is greater than, less than, or equal to Msinge. See Figure 11-1

Calculate the ultimate limiting moment of resistance of the section as singly re-
inforced.

Miingle = K'feu bd?, where (CP 6.1.2.4(c), Eqn. 6.8)
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0.156 for f  <45N/mm?

cu —

K'=:0.120 for 45< f. <70N/mm?

cu —

0.094 for 70 < f, <100 N/mm?

cu —

= If M < Mingle, the area of tension reinforcement, As, is obtained from:

M
= , Where CP 6.1.2.4(c), Egn. 6.12
A 0.871,2 ( (©). Eq )
e, 0.67f,/¥m
st S T e e
, il f T, !
/IR ]
d
@ o Ly
> - T
A &
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 11-1 Uniform Thickness Slab Design

z= d(0.5+ Jo.zs-%j <0.95d (CP 6.1.2.4(c), Eqn. 6.10)

M
f. bd?

cu

K =

(CP6.1.2.4(c) , Eqn. 6.7)
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This reinforcement is to be placed at the bottom if M is positive, or at the top
if M is negative.

" If M > Msinge, cOmpression reinforcement is required and calculated as fol-
lows:

' M - Msingle
Al = (CP6.1.2.4(c), , Eqn. 6.15)

[f;—o'mf“j(d—d’)

Ve

where d’ is the depth of the compression reinforcement from the concrete com-
pression face, and

, d’ .
f =E.s, (1—?j <0.871,,(CP 6.1.2.4(c), 3.2.6, Fig.
3.9)
;52, for f., <45N/mm?
X = %, for 45<f, <70 N/mm? (CP 6.1.2.4(a), Fig 6.1, Eqgn.
C7% for 70<f, <100 N/mm?
36
6.11)

z=d {0.5+ /0.25—%}5 0.95d (CP 6.1.2.4(c))

The tension reinforcement required for balancing the compression in the con-
crete and the compression reinforcement is calculated as:

As: Iv'single n I\/I_Msingle
0.87f,z  0.87f,(d-d')
6.1.2.4(c))

(cp
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11.5.1.2.2Design of nonuniform thickness slab

11.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

11.5.1.2.2.2 Flanged Slab Section Under Positive Moment

With the flange in compression, the program analyzes the section by considering
alternative locations of the neutral axis. Initially, the neutral axis is assumed to
be located in the flange. On the basis of this assumption, the program calculates
the exact depth of the neutral axis. If the stress block does not extend beyond the
flange thickness, the section is designed as a uniform thickness slab of width bx.
If the stress block extends beyond the flange depth, the contribution of the web
to the flexural strength of the slab is taken into account. See Figure 11-2.

Assuming the neutral axis to lie in the flange, the normalized moment is given
by:
M

K=—7p. CP 6.1.2.4(c) , Eqn. 6.7
b, o ( (c) , Eqn. 6.7)

Then the moment arm is computed as:

z=d {0.5+ /0.25—0—2}3 0.95d, (CP 6.1.2.4(c), , Eqn. 6.10)

the depth of the neutral axis is computed as:
;52, for f., <45N/mm?
X = %, for 45<f,<70N/mm? (CP 6.1.2.4(c), Fig 6.1, , Eqn.

cu —

—;g, for 70<f., <100N/mm?

cu —

6.11)
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and the depth of the compression block is given by:

09x for f.. <45 N/mm’
a={0.8c for 45<f, <70 N/mm* (CP 6.1.2.4(a), Fig 6.1)
0.72x for 70<f, <100 N/mm’

= |f a < hy, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in that case, the width
of the slab is taken as bs. Compression reinforcement is required when K > K'.

= |[f a > h¢, the calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cr, and the second part is for balancing the
compressive force from the web, Cy, as shown in Figure 11-2.

67 fouf¥m 0.67 fg,f
by rhf 7-8—.‘ H f._zr’
I ;d'_ 14 ‘E \
A_; B T \_, C1
X
d I \’\# c.
r ' L L -
As — & Ty Tw T
Toou- e

(l)BEAM (i) STRAIN (lii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 11-2 Nonuniform Thickness Slab Design
In that case, the ultimate resistance moment of the flange is given by:
0.67
M, = y—f;u(bf ~b,)h, (d—0.5h,)

4
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The moment taken by the web is computed as:
M,=M-M,

and the normalized moment resisted by the web is given by:

f,b, 0’

» |If Ky <K' (CP 6.1.2.4(c)), the slab is designed as a singly reinforced concrete
section. The reinforcement is calculated as the sum of two parts, one to balance
compression in the flange and one to balance compression in the web.

M; y
+
0.87f,(d-05h,) 0.87f,z

z=d 0.5+1/0.25—& <0.95d
0.9

= |f Ky > K’, compression reinforcement is required and is calculated as follows:

, Where

A=

The ultimate moment of resistance of the web only is given by:
M uw = KfCUde 2

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:

Mw B Muw

[f;_o.eﬂwj(d_d,)

Ve

A, =

where, d’ is the depth of the compression reinforcement from the concrete
compression face, and

f. =E.e, (1—9j <0.87f, (CP 6.1.2.4(c), 3.2.6, Fig 3.9)
X

The area of tension reinforcement is obtained from equilibrium as:
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11.5.2

1 M, M, M,-M
&: + UW+ w uw
0.87f,|d-05h, z = d-d'
KV
z=d[0.5+ /0.25——]30.95d
0.9

11.5.1.2.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in each direction of a slab
is given by the following limits (CP 9.3.1.1), with interpolation for reinforcement
of intermediate strength:

0.0024bh if f, <250 MPa
> (CP 9.3.1.1(a))

0.0013bh if f, >460 MPa

In addition, an upper limit on both the tension reinforcement and compres-
sion reinforcement has been imposed to be 0.04 times the gross cross-sec-
tional area (CP 9.2.1.3).

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved (CP 6.1.2.5):

= Determine the shear stress, v.
= Determine the shear stress, vc, that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.
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11.5.2.1 Determine Shear Stress

In the design of the slab shear reinforcement, the shear stresses for each load
combination at a particular design strip station are obtained by factoring the cor-
responding shear forces for different load cases, with the corresponding load
combination factors:

\Y

-7 (CP 6.1.2.5(a))

\"

The maximum allowable shear stress, vmax is defined as:

Vimax = Min(0.8./T, , 7 MPa) (CP 6.1.2.5(a))

11.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:

V', =Vv,+0.6 NVh <v, 1+l (CP6.1.2.5(k) , Eqn. 6.22)
AV,
b 74
Vv, = 0.79k;k, (1004, (400] (CP 6.1.2.5(c), Table 6.3)
Vm bd d
k; is the enhancement factor for support compression,
and is conservatively taken as 1 (CP6.1.2.5(g))
£, ) 80
ko= | = | | 1<k, <|— (CP 6.1.2.5(c), Table 6.3)
25 25
Vo =1.25 (CP 6.1.2.5(c), Table 6.3)

However, the following limitations also apply:

0.15< 104

<3, (CP 6.1.2.5(c), Table 6.3)
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d

e

M

11.5.2.3 Determine Required Shear Reinforcement

400 %> 0.67, Members without shear reinforcement
~ 1.00, Members with shear reinforcement

(CP 6.1.2.5(c), Table 6.3)

(CP 6.1.2.5(k))

Given v, v, and Vmax, the required shear reinforcement is calculated as follows

(CP Table 6.2, CP 6.1.2.5(b)):

= Calculate the design average shear stress that can be carried by minimum shear

reinforcement, v, as:
04
A
— cu N
v, = 0.4( AO) if40< f, <80% .

0.4(8%0)% it f, >80

it f, <40V

= If v<V’c + v, minimum reinforcement is required:

A _ Vb

S 0.87 fW

v

s fv>Vi+ v,

A, _(v=Ve)b
s, 0.87f,

\%

= |f v > vimax, a failure condition is declared.

(CP 6.1.2.5(h), Table 6.2)

(CP 6.1.2.5(h))

(CP 6.1.2.5(b))

(CP 6.1.2.5(b))

The maximum of all the calculated As /s, values obtained from each load com-
bination is reported along with the controlling shear force and associated load

combination.
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The slab shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
ments to satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

11.5.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

11.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of 1.5d from the
face of the support (CP 6.1.5.7(d)). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (CP 6.1.5.7). Figure 11-3 shows the auto
punching perimeters considered by ETABS for the various column shapes. The
column location (i.e., interior, edge, corner) and the punching perimeter may be
overwritten using the Punching Check Overwrites.

Interior Column Edge Column

Pl
I [P, AN —

Circular Column T-Shape Column L-Shape Column

Figure 11-3 Punching Shear Perimeters
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11.5.3.2 Determine Concrete Capacity

The concrete punching shear factored strength is taken as (CP 6.1.5.7(d), Table
6.3):

b 7
Vv, = 0.79k;k, (1004, (400j (CP 6.1.2.5(d), Table 6.3)
Vm bd d
k, is the enhancement factor for support compression,
and is conservatively taken as 1 (CP 6.1.2.5(g), 6.1.5.7(d))
£, 80
ke= | 2] 1<k< —j (CP6.1.2.5(c), Table 6.3)
25 25
Vo =1.25 (CP2.4.3.2, Table 2.2)

However, the following limitations also apply:

0.1SS%S3, (CP 6.1.2.5(c), Table 6.3)

400 %> 0.67, Members without shear reinforcement
d ~ 1 1.00, Members with shear reinforcement

(CP 6.1.2.5(c), Table 6.3)

As = area of tension reinforcement, which is taken as the average tension
reinforcement of design strips in Layer A and layer B where Layer
A and Layer design strips are in orthogonal directions. When design
strips are not present in both orthogonal directions then tension rein-
forcement is taken as zero in the current implementation.

v<min(0.8/f, , 7 MPa) (CP 6.1.5.7(b))
feu < 80 MPa (for calculation purpose only) (CP Table 6.3)
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11.5.3.3 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the bending axis, the nominal design shear stress, Vimax,

is calculated as:

1.5M
Ve =V| f+—2
, vy

1.5M
Vigy =V| f+—

VX

where,

(CP 6.1.5.6(b), 6.1.5.6(c))

(CP 6.1.5.6(h), 6.1.5.6(C))

(CP6.1.5.7)

u is the perimeter of the critical section,

x and y are the lengths of the sides of the critical section parallel to the axis
of bending,

My and My are the design moments transmitted from the slab to the column
at the connection,

V s the total punching shear force, and

f is a factor to consider the eccentricity of punching shear force and is
taken as

1.00 for interior columns
f=41.25 for edge columns
1.25 for corner columns

(CP 6.1.5.6(b), 6.1.5.6(c))
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11.5.4

11.5.3.4 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear links as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm (CP 6.1.5.7(e)).
The use of shear studs is not covered in Hong Kong CP 2013. However, program
uses the identical clauses for shear studs when CP 20013 code is selected. If the
slab thickness does not meet these requirements, the punching shear reinforce-
ment is not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is car-
ried out as described in the subsections that follow.

11.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

11.5.4.2 Determine Required Shear Reinforcement

The shear stress is limited to a maximum of;
Vimax = 2Vc (CP 6.1.5.7(e))

Given v, v, and Vmax, the required shear reinforcement is calculated as follows
(CP 6.1.5.7(e)).

= |fv<1.6ve,
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~v,)ud
A (vv)ud o vud (CP 6.15.7(¢))
s 087f, 087f,

= |f 1.6vc <v<2.0v,

A, 5(0.7v-v )ud _ v.ud

= >t , (CP6.1.5.7(e))
S 0.87f,, 0.87f,,
04
V. = f 3 N/mm? (CP 6.1.5.7, Table 6.2)
04 =
40
= |[f v > 2.0vc, a failure condition is declared. (CP6.1.5.7(e))

If v exceeds the maximum permitted value of vmax, the concrete section should
be increased in size.

11.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 11-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 1.5d measured in a
direction parallel to the column face (CP 6.1.5.7(f)).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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rq

Typical Studrail Outermost Outermost

(only first and last peripheral line N peripheral line

studs shown) of studs N— of studs Eree
——L / edge

Critical Y d/2

section ’
centroid  Free /| 4 P_ZANN
edge N ~X
Ix\>/ Crltical section
—'\,— centroid

[~

Interior Column Edge Column Corner Column

Figure 11-4 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

11.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in CP 4.2.4 plus half of the
diameter of the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
10-, 12-, 14-, 16-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 1.5d. The limits of s, and the spacing, s, between the peripheral lines are
specified as:

so< 0.5d (CP 6.1.5.7(f))
s < 0.75d (CP 6.1.5.7(f))
g < 1.5d (CP6.1.5.7(f))

Stirrups are only permitted when slab thickness is greater than 200 mm (CP
6.1.5.7(e)).
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Chapter 12
Design for Hong Kong CP-04

12.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Hong Kong limit state code CP-04 [CP
04], which also incorporates Amendment 1 published in June 2007, is selected.
The various notations used in this chapter are listed in Table 12-1. For referenc-
ing to the pertinent sections of the Hong Kong code in this chapter, a prefix “CP”
followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 12-1 List of Symbols Used in the CP-04 Code

Aq Gross area of cross-section, mm?

A Area of longitudinal reinforcement for torsion, mm?
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Table 12-1 List of Symbols Used in the CP-04 Code

As Area of tension reinforcement, mm?

Al Area of compression reinforcement, mm?

Asy Total cross-sectional area of links at the neutral axis, mm?
Asvt Total cross-sectional area of closed links for torsion, mm?

Aw/sy  Area of shear reinforcement per unit length, mm?/mm

a Depth of compression block, mm
b Width or effective width of the section in the compression zone,
mm
bt Width or effective width of flange, mm
bw Average web width of a flanged shaped section, mm
C Torsional constant, mm®*
d Effective depth of tension reinforcement, mm
d Depth to center of compression reinforcement, mm
Ec Modulus of elasticity of concrete, N/mm?
Es Modulus of elasticity of reinforcement, assumed as 200,000 N/mm?
f Punching shear factor considering column location
feu Characteristic cube strength, N/mm?
's Stress in the compression reinforcement, N/mm?
fy Characteristic strength of reinforcement, N/mm?
fyv Characteristic strength of shear reinforcement, N/mm?
h Overall depth of a section in the plane of bending, mm
hy Flange thickness, mm
Pmin Smaller dimension of a rectangular section, mm
Rmax Larger dimension of a rectangular section, mm
K . . M
Normalized design moment, —4—
bd? foy
K' Maximum bdlvzl” for a singly reinforced concrete section

cu
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Table 12-1 List of Symbols Used in the CP-04 Code

K1 Shear strength enhancement factor for support compression
k %

2 Concrete shear strength factor, [fCU / 25]
M Design moment at a section, N-mm

Msinge ~ Limiting moment capacity as singly reinforced section, N-mm

Sy Spacing of the links along the strip, mm

T Design torsion at ultimate design load, N-mm

u Perimeter of the punch critical section, mm

\Y Design shear force at ultimate design load, N

v Design shear stress at a slab cross-section or at a punching critical
section, N/mm?

Ve Design concrete shear stress capacity, N/mm?

Vimax Maximum permitted design factored shear stress, N/mm?

Vi Torsional shear stress, N/mm?

X Neutral axis depth, mm

Xbal Depth of neutral axis in a balanced section, mm

z Lever arm, mm

B Torsional stiffness constant

o Moment redistribution factor in a member

%" Partial safety factor for load

I Partial safety factor for material strength

& Maximum concrete strain

& Strain in tension reinforcement

£s Strain in compression reinforcement

12.2  Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. The design load combinations are ob-
tained by multiplying the characteristic loads by appropriate partial factors of
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12.3

12.4

safety, y(CP 2.3.1.3). For CP-04, if a structure is subjected to dead (D), live (L),
pattern live (PL), and wind (W) loads, and considering that wind forces are re-
versible, the following load combinations may need to be considered. (CP
2.3.2.1, Table 2.1).

1.4D

1.4D + 1.6L (CP23.2)
1.4D + 1.6(0.75PL) (CP2.3.2)
1.0D + 1.4W

1.4D + 1.4W (CP2.3.2)

12D +1.2L £1.2W

These are also the default design load combinations in ETABS whenever the
CP-04 code is used. If roof live load is separately treated or other types of loads
are present, other appropriate load combinations should be used. Note that the
automatic combination, including pattern live load, is assumed and should be
reviewed before using for design.

Limits on Material Strength

The concrete compressive strength, fe,, should not be less than 20 N/mm? (CP
3.1.3). The program does not enforce this limit for flexure and shear design of
slabs. The input material strengths are used for design even if they are outside of
the limits. It is the user's responsible to use the proper strength values while de-
fining the materials.

Partial Safety Factors

The design strengths for concrete and reinforcement are obtained by dividing the
characteristic strength of the material by a partial safety factor, y». The values of
7 used in the program are listed in the following table, as taken from CP Table
2.2 (CP 2.4.3.2):
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12.5

12.5.1

Values of yn for the Ultimate Limit State

Reinforcement 1.15
Concrete in flexure and axial load 1.50
Concrete shear strength without shear reinforcement 1.25

These factors are incorporated into the design equations and tables in the code,
but can be overwritten.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:
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= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

125.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

12.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding the compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 12-1 (CP 6.1.2.4(a)), where & max is defined as:

0.0035 if f, <60N/mm?
& =
0.0035—0.00006( f,, —60)% if f, >60N/mm?
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Furthermore, it is assumed that moment redistribution in the member does not
exceed 10% (i.e., S, > 0.9; CP 6.1.2.4(b)). The code also places a limitation on
the neutral axis depth,

05 for f, <45N/mm?

cu —
gs 04 for 45<f, <70 N/mm? (CP 6.1.2.4(b))

cu —
0.33 for 70< f, <100N/mm?
to safeguard against non-ductile failures (CP 6.1.2.4(b)). In addition, the area of
compression reinforcement is calculated assuming that the neutral axis depth re-
mains at the maximum permitted value.

The depth of the compression block is given by:

0.9x for f <45 N/mm?

cu

a=108x for 45<f, <70N/mm? (CP 6.1.2.4(a), Fig 6.1)
0.72x for 70<f, <100 N/mm?®

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (0.1f.wAg) (CP 6.1.2.4(a)), axial force is ignored; hence, all slabs are de-
signed for major direction flexure and shear only. Axial compression greater
than 0.1fcuAg and axial tensions are always included in flexural and shear design.

12.5.1.2.1Design of uniform thickness slab

For uniform thickness slab, the limiting moment capacity as a singly reinforced
section, Msingee, i obtained first for a section. The reinforcing is determined based
on whether M is greater than, less than, or equal to Msinge. See Figure 12-1

Calculate the ultimate limiting moment of resistance of the section as singly re-
inforced.

Msingle = Klfcu bdz, Whel’e (CP 6124(C))
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0.156 for f  <45N/mm?

cu —

K'=:0.120 for 45< f. <70N/mm?

cu —

0.094 for 70 < f, <100 N/mm?

cu —

= If M < Mingle, the area of tension reinforcement, As, is obtained from:

M
= , Where CP6.1.2.4(c
A 0.87f,z ( (©)
s 0.67f,/¥m
n e T e S
, 0 fr “c. T
/IR f
d
e e Ly
>, —f T
A &
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 12-1 Uniform Thickness Slab Design

z :d(o.5+ Jo.zs-%jgo.gsd (CP 6.1.2.4(c))

M
f. bd?

cu

K =

(CP 6.1.2.4(c))
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This reinforcement is to be placed at the bottom if M is positive, or at the top
if M is negative.

" If M > Msinge, cOmpression reinforcement is required and calculated as fol-
lows:

M — M,
Al = single (CP 6.1.2.4(c))

[f;—o'mf“j(d—d’)

Ve

where d’ is the depth of the compression reinforcement from the concrete com-
pression face, and

, d’ .
f =E.s, (1—?j§0.87 f,,(CP 6.1.2.4(c), 3.2.6, Fig.
3.9)

;52, for f., <45N/mm?
X = —;é, for 45< f,, <70 N/mm? (CP 6.1.2.4(a), Fig 6.1)
C7% for 70<f, <100 N/mm?
36

z=d {o.5+ /0.25—%}5 0.95d (CP 6.1.2.4(c))

The tension reinforcement required for balancing the compression in the con-
crete and the compression reinforcement is calculated as:

As: Iv'single n I\/I_Msingle
0.87f,z  0.87f,(d-d')
6.1.2.4(c))

(CP
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12.5.1.2.2Design of nonuniform thickness slab

12.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

12.5.1.2.2.2 Flanged Slab Section Under Positive Moment

With the flange in compression, the program analyzes the section by considering
alternative locations of the neutral axis. Initially, the neutral axis is assumed to
be located in the flange. On the basis of this assumption, the program calculates
the exact depth of the neutral axis. If the stress block does not extend beyond the
flange thickness, the section is designed as a uniform thickness slab of width bx.
If the stress block extends beyond the flange depth, the contribution of the web
to the flexural strength of the section is taken into account. See Figure 12-2.

Assuming the neutral axis to lie in the flange, the normalized moment is given
by:

M

cu Mf

Then the moment arm is computed as:

z=d {0.5+ /0.25—0—';}3 0.95d, (CP 6.1.2.4(c))

the depth of the neutral axis is computed as:
;52, for f., <45N/mm?
X = %, for 45<f, <70N/mm? (CP 6.1.2.4(c), Fig 6.1)

cu —

—;g, for 70 < f,, <100 N/mm?

and the depth of the compression block is given by:
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09x for f. <45 N/mm*
a={0.8c for 45<f, <70 N/mm* (CP 6.1.2.4(a), Fig 6.1)
0.72x for 70<f, <100 N/mm’

= |f a < hy, the subsequent calculations for As are exactly the same as previously
defined for the uniform thickness slab design. However, in that case, the width
of the slab is taken as bs. Compression reinforcement is required when K > K'.

» |[f a > h¢, the calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Cr, and the second part is for balancing the
compressive force from the web, Cy, as shown in Figure 12-2.

BT 067 o
by r by 7_8_,‘ ﬁ & *HZF
I ;d'_ 14 ‘E \
A_; B T \_, C1
X
d I \’\# c.
r ' L » L -
As — & Ty Tw T
Tow ot

(l)BEAM (i) STRAIN (lii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 12-2 Nonuniform Thickness Slab Design
In that case, the ultimate resistance moment of the flange is given by:
0.67
M, = y—f;u(bf ~b,)h, (d—0.5h,)

4

The moment taken by the web is computed as:
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M,=M-M,

and the normalized moment resisted by the web is given by:

KW:L
f b, d?

» |If Ky <K' (CP 6.1.2.4(c)), the slab is designed as a singly reinforced concrete
slab. The reinforcement is calculated as the sum of two parts, one to balance
compression in the flange and one to balance compression in the web.

M; y
= +
0.87f,(d-05h,) 0.87f,z

z=d 0.5+1/0.25—& <0.95d
0.9

» |f Ky > K’, compression reinforcement is required and is calculated as follows:

, Where

A

The ultimate moment of resistance of the web only is given by:
M uw = KfCUde 2

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:

' Mw_Muw

[f;_o.eﬂwj(d_d,)

Ve

where, d’ is the depth of the compression reinforcement from the concrete
compression face, and

f. =E.e, (1—9j <0.87f, (CP 6.1.2.4(c), 3.2.6, Fig 3.9)
X

The area of tension reinforcement is obtained from equilibrium as:
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12.5.2

1 M, M, M,-M
&: + UW+ w uw
0.87f,|d-05h, z = d-d'
KV
z=d[0.5+ /0.25——]30.95d
0.9

12.5.1.2.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in each direction of a slab
is given by the following limits (CP 9.3.1.1), with interpolation for reinforcement
of intermediate strength:

0.0024bh if f, <250 MPa
> (CP 9.3.1.1(a))

0.0013bh if f, >460 MPa

In addition, an upper limit on both the tension reinforcement and compres-
sion reinforcement has been imposed to be 0.04 times the gross cross-sec-
tional area (CP 9.2.1.3).

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved (CP 6.1.2.5):

= Determine the shear stress, v.
= Determine the shear stress, vc, that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.
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12.5.2.1 Determine Shear Stress

In the design of the slab shear reinforcement, the shear stresses for each load
combination at a particular design strip station are obtained by factoring the cor-
responding shear forces for different load cases, with the corresponding load
combination factors:

\Y

-7 (CP 6.1.2.5(a))

\"

The maximum allowable shear stress, vmax is defined as:

Vimax = Min(0.8./T, , 7 MPa) (CP 6.1.2.5(a))

12.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:

V', =Vv,+0.6 NVh <V, 1+l (CP 6.1.2.5(k))
AV,
b b
Vv, = 0.79k;k, (1004, (400] (CP 6.1.2.5(c), Table 6.3)
Vm bd d
k; is the enhancement factor for support compression,
and is conservatively taken as 1 (CP6.1.2.5(g))
£, ) 80
ko= | = | | 1<k, <|— (CP 6.1.2.5(c), Table 6.3)
25 25
Vo =1.25 (CP 6.1.2.5(c), Table 6.3)
However, the following limitations also apply:
0.15< 100A <3 (CP 6.1.2.5(c), Table 6.3)
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d

e

M

12.5.2.3 Determine Required Shear Reinforcement

400 %> 0.67, Members without shear reinforcement
~ 1.00, Members with shear reinforcement

(CP 6.1.2.5(c), Table 6.3)

(CP 6.1.2.5(k))

Given v, v, and Vmax, the required shear reinforcement is calculated as follows

(CP Table 6.2, CP 6.1.2.5(b)):

= Calculate the design average shear stress that can be carried by minimum shear

reinforcement, v, as:
04
A
— cu N
v, = 0.4( AO) if40< f, <80% .

0.4(8%0)% it f, >80

it f, <40V

= If v<V’c + v, minimum reinforcement is required:

A _ Vb

S 0.87 fW

v

s fv>Vi+ v,

A, _(v=Ve)b
s, 0.87f,

\%

= |f v > vimax, a failure condition is declared.

(CP 6.1.2.5(h), Table 6.2)

(CP 6.1.2.5(h))

(CP 6.1.2.5(b))

(CP 6.1.2.5(b))

The maximum of all the calculated As /s, values obtained from each load com-
bination is reported along with the controlling shear force and associated load

combination.
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12.5.3

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Key Features and Terminology manual.
Only the code-specific items are described in the following subsections.

12.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of 1.5d from the
face of the support (CP 6.1.5.7(d)). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (CP 6.1.5.7). Figure 12-3 shows the auto
punching perimeters considered by ETABS for the various column shapes. The
column location (i.e., interior, edge, corner) and the punching perimeter may be
overwritten using the Punching Check Overwrites.

Interior Column Edge Column

~ -

Circular Column T-Shape Column L-Shape Column

Figure 12-3 Punching Shear Perimeters
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12.5.3.2 Determine Concrete Capacity

The concrete punching shear factored strength is taken as (CP 6.1.5.7(d), Table
6.3):

b 7
Vv, = 0.79k;k, (1004, (400j (CP 6.1.2.5(d), Table 6.3)
Vm bd d
k, is the enhancement factor for support compression,
and is conservatively taken as 1 (CP 6.1.2.5(g), 6.1.5.7(d))
£, 80
ke= | 2] 1<k< —j (CP6.1.2.5(c), Table 6.3)
25 25
Vo =1.25 (CP2.4.3.2, Table 2.2)

However, the following limitations also apply:

0.1SS%S3, (CP 6.1.2.5(c), Table 6.3)

400 %> 0.67, Members without shear reinforcement
d ~ 1 1.00, Members with shear reinforcement

(CP 6.1.2.5(c), Table 6.3)

As = area of tension reinforcement, which is taken as the average tension
reinforcement of design strips in Layer A and layer B where Layer
A and Layer design strips are in orthogonal directions. When design
strips are not present in both orthogonal directions then tension rein-
forcement is taken as zero in the current implementation.

v<min(0.8/f, , 7 MPa) (CP 6.1.5.7(b))
feu < 80 MPa (for calculation purpose only) (CP Table 6.3)
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12.5.3.3 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the bending axis, the nominal design shear stress, Vimax,

is calculated as:

1.5M
Ve =V| f+—2
, vy

1.5M
Vigy =V| f+—

VX

where,

(CP 6.1.5.6(b), 6.1.5.6(c))

(CP 6.1.5.6(h), 6.1.5.6(C))

(CP6.1.5.7)

u is the perimeter of the critical section,

x and y are the lengths of the sides of the critical section parallel to the axis
of bending,

My and My are the design moments transmitted from the slab to the column
at the connection,

V s the total punching shear force, and

f is a factor to consider the eccentricity of punching shear force and is
taken as

1.00 for interior columns
f=41.25 for edge columns
1.25 for corner columns

(CP 6.1.5.6(b), 6.1.5.6(c))
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12.5.4

12.5.3.4 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm (CP 6.1.5.7(e)).
If the slab thickness does not meet these requirements, the punching shear rein-
forcement is not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is car-
ried out as described in the subsections that follow.

12.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

12.5.4.2 Determine Required Shear Reinforcement

The shear stress is limited to a maximum of;
Vimax = 2Vc (CP 6.1.5.7(e))

Given v, v, and Vmax, the required shear reinforcement is calculated as follows
(CP 6.1.5.7(e)).

= Ifv<1.6vc,

i: (V_VC)Ud > Vrud ,
s 087f, 087f,

(CP 6.1.5.7(¢))

= |f1.6v. <v<2.0v,
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A _ 5(0.7v-v, )ud _vud

>t , CP6.1.5.7(e
S 0.87f, 0.87f,, ( ©)
0.4
v = 04 f, 23 N/mm? (CP 6.1.5.7, Table 6.2)
40
= |[f v > 2.0vc, a failure condition is declared. (CP 6.1.5.7(e))

If v exceeds the maximum permitted value of vmax, the concrete section should
be increased in size.

12.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 12-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 1.5d measured in a
direction parallel to the column face (CP 6.1.5.7(f)).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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Typical Studrail Outermost Outermost

(only first and last peripheral line N peripheral line
studs shown) of studs N— of studs Eree
_——L - / edge
R d/2
o ...[ \

rq

Critical Y d/2

section 4
centroid Free_/<___1__,/ \\\
edge Yy’ X .
IX\>/ Crltical section

—N

\— centroid

[~

Interior Column Edge Column Corner Column

Figure 12-4 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

12.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in CP 4.2.4 plus half of the
diameter of the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
10-, 12-, 14-, 16-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 1.5d. The limits of s, and the spacing, s, between the peripheral lines are
specified as:

so< 0.5d (CP 6.1.5.7(f))
s < 0.75d (CP 6.1.5.7(f))
g < 1.5d (CP6.1.5.7(f))

Stirrups are only permitted when slab thickness is greater than 200 mm (CP
6.1.5.7(e)).
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Chapter 13
Design for IS 456-2000

13.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the Indian Code IS 456-2000 [IS 2000] is
selected. Various notations used in this chapter are listed in Table 13-1. For ref-
erencing to the pertinent sections of the Indian code in this chapter, a prefix “IS”
followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 13-1 List of Symbols Used in the IS 456-2000 Code

Ac Area of concrete, mm?
Aw Area of section for shear resistance, mm?
Aq Gross cross-sectional area of a frame member, mm?
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Table 13-1 List of Symbols Used in the IS 456-2000 Code

As

A's
Asy
Asy /sy
a

di

a

13-2 Notations

Area of tension reinforcement, mm?

Area of compression reinforcement, mm?

Total cross-sectional area of links at the neutral axis, mm?
Area of shear reinforcement per unit length, mm2/mm
Depth to the center of the compression block, mm

Width of the punching critical section in the direction of bending,
mm

Width of the punching critical section perpendicular to the direc-
tion of bending, mm

Width or effective width of the section in the compression zone,
mm

Width or effective width of flange, mm

Average web width of a flanged section, mm

Effective depth of tension reinforcement, mm

Effective depth of compression reinforcement, mm
Overall depth of a slab, mm

Flange thickness in a flanged shaped-section, mm
Modulus of elasticity of concrete, MPa

Modulus of elasticity of reinforcement, assumed as 200,000 MPa
Design concrete strength = fe/ %, MPa

Characteristic compressive strength of concrete, MPa
Compressive stress in compression steel, MPa

Design yield strength of reinforcement = f, /%, MPa
Characteristic strength of reinforcement, MPa
Characteristic strength of shear reinforcement, MPa
Enhancement factor of shear strength for depth of the slab

Design moment resistance of a section as a singly reinforced sec-
tion, N-mm

Ultimate factored design moment at a section, N-mm
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Table 13-1 List of Symbols Used in the IS 456-2000 Code

M

Ty
Vu

Ve
Ve
Xu

Xu,max

Be

%

Jm
¥

&c,max

Equivalent factored bending moment due to torsion at a section,
N-mm

Equivalent factored moment including moment and torsion ef-
fects (Me1 = My+My) at a section, N-mm

Residual factored moment when M; > M, at a section applied in
the opposite sense of M at a section, N-mm

Normalized design moment, M/bd?af

Spacing of the shear reinforcement along the strip, mm

Factored torsional moment at a section, N-mm

Factored shear force at a section, N

Equivalent factored shear force including torsion effects, N

Allowable shear stress in punching shear mode, N
Depth of neutral axis, mm

Maximum permitted depth of neutral axis, mm
Lever arm, mm

Concrete strength reduction factor for sustained loading, as well
as reinforcement over strength factor for computing capacity mo-
ment at a section

Factor for the depth of compressive force resultant of the concrete
stress block

Ratio of the minimum to maximum dimensions of the punching
critical section

Partial safety factor for concrete strength

Partial safety factor for load, and fraction of unbalanced moment
transferred by flexure

Partial safety factor for material strength
Partial safety factor for reinforcement strength
Enhancement factor of shear strength for compression

Maximum concrete strain in the slab (= 0.0035)
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Table 13-1 List of Symbols Used in the IS 456-2000 Code

& Strain in tension steel

&' Strain in compression steel

i Average design shear stress resisted by concrete, MPa

n Basic design shear stress resisted by concrete, MPa

Te max Maximum possible design shear stress permitted at a section,
MPa

Ted Design shear stress resisted by concrete, MPa

13.2  Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For IS 456-2000, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
quake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (IS 36.4, Table 18):

1.5D (1S 36.4.1)
1.5D + 1.5

1.5D + 1.5S (1S 36.4.1)
1.5D + 1.5(0.75 PL) (1S 31.5.2.3)
15D + 1.5W

0.9D + 1.5W

12D +1.2L +1.2W (1S 36.4.1)
1.5D + 1.5L + 1.0W

1.5D + 1.5E

0.9D + 1.5E

12D +12L+1.2E (1S 36.4.1)

15D + 1.5L + 1.0E
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13.3

13.4

15D+ 15L +1.5S

1.2D +1.25+1.2W
1.2D+1.2L +1.2S+1.2W
1.2D+1.2S+1.2E

12D +1.2L +1.2S+1.2E

(IS 36.4.1)

These are also the default design load combinations in ETABS whenever the IS
456-2000 code is used. If roof live load is treated separately or other types of
loads are present, other appropriate load combinations should be used.

Partial Safety Factors

The design strength for concrete and reinforcement is obtained by dividing the
characteristic strength of the material by a partial safety factor, ym. The values of
7 used in the program are as follows:

Partial safety factor for reinforcement, % = 1.15 (1S 36.4.2.1)
Partial safety factor for concrete, = 1.5 (1S 36.4.2.1)

These factors are already incorporated into the design equations and tables in the
code. These values can be overwritten; however, caution is advised.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check
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13.4.1

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

13.4.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

13.4.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression
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reinforcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified parabolic stress block shown in
Figure 13-1 (IS 38.1). The area of the stress block, ¢, and the depth of the center
of the compressive force from the extreme compression fiber, a, are taken as

c= afck Xu (IS 381)
a=fxu (1S 38.1)
£=0.0035 0.67 oy /7m
ity T T
T fg D Cs / ' 0'42Xu
A d’ X, - c
d
° ® L, >
> - T
A &
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 13-1 Uniform Thickness Slab Design

where X, is the depth of the neutral axis, and « and g are taken as:
a=0.36 (1S 38.1)
£=0.42 (1S 38.1)

where « is the reduction factor to account for sustained compression and the
partial safety factor for concrete and is generally taken to be 0.36 for the assumed
parabolic stress block (IS 38.1). The g factor considers the depth to the center of
the compressive force.
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Furthermore, it is assumed that moment redistribution in the member does not
exceed the code-specified limiting value. The code also places a limitation on
the neutral axis depth, as shown in the following table, to safeguard against non-
ductile failures (IS 38.1). ETABS uses interpolation between these three values.

fy (MPa) Xu,max /d
250 0.53
415 0.48
500 0.46

When the applied moment exceeds the moment capacity of the slab as a singly
reinforced section, the area of compression reinforcement is calculated assuming
that the neutral axis depth remains at the maximum permitted value. The maxi-
mum fiber compression is taken as:

&omax = 0.0035 (IS 38.1)

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the subsections that follow. It is
assumed that the design ultimate axial force can be neglected; hence all slabs are
designed for major direction flexure and shear only.

13.4.1.3 Design of uniform thickness slab

For uniform thickness slab, the limiting depth of the neutral axis, Xymax, and the
moment capacity as a singly reinforced section, Msingie, are obtained first. The
reinforcement area is determined based on whether M, is greater than, less than,
or equal to Msinge.

= Calculate the limiting depth of the neutral axis.

053 it f <250 MPa
f,—250
) 0.53-0.05- if 250 < f, <415 MPa
uma _ 165 (1S 38.1)
d f,—415
0.48-0.02- if 415< f, <500 MPa
0.46 it f >500MPa

= Calculate the limiting ultimate moment of resistance as a
singly reinforced section.
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I\/Isingle =a Xu,(;nax (1_18 Xugax ]bdz fck (|S G-ll)

= Calculate the depth of the neutral axis as:

X _ 1-y1-4m
d 28
where the normalized design moment, m, is given by
— M u
bd*of ,

— If My < Misinge the area of tension reinforcement, As, is obtained from

A =(f'>/|—;)z, where (ISG-1.1)
y!' /s
z:d%—ﬂéf} (1S 38.1)

This reinforcement is to be placed at the bottom if M, is positive, or at the
top if My is negative.

— If My > Mingle, the area of compression reinforcement, A's, is given by:

M, — M,
A = u__single (1S G-1.2)

® 0.67f
f———rk |(d—d"
0 o)

m

where d' is the depth of the compression reinforcement from the concrete
compression face, and

: f
fsc = &¢ max Es {1_ d :| < <
X Vs (IS G-1.2)

u,max

The required tension reinforcement is calculated as:

Slab Design  13-9



ETABS Reinforced Concrete Design

Msingle I\/Iu - Msingle

AT N AICED

A =( , Where (ISG-1.2)

z:d{l—ﬁxug“} (1S 38.1)

As is to be placed at the bottom and A’s is to be placed at the top if My is positive,
and vice versa if My is negative.

13.4.1.4 Design of nonuniform thickness slab

13.4.1.4.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M, (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

13.4.1.4.2 Flanged Slab Section Under Positive Moment

With the flange in compression, the program analyzes the section by considering
alternative locations of the neutral axis. Initially the neutral axis is assumed to
be located within the flange. On the basis of this assumption, the program calcu-
lates the depth of the neutral axis. If the stress block does not extend beyond the
flange thickness, the section is designed as a uniform thickness slab of width by.
If the stress block extends beyond the flange depth, the contribution of the web
to the flexural strength of the slab is taken into account. See Figure 13-2.
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¢ = 0.0035 0.67 fulym 067 fudym
by Dy [ A -
Y
i i A
: e |5
i s
A —c | ¢
d

As-... ) - 85

< by >

Beam Section Strain Diagram Stress Diagram

Figure 13-2 Nonuniform Thickness Slab Design

Assuming the neutral axis lies in the flange, the depth of the neutral axis is cal-
culated as:

X, 1—+1—4pm

d 2.3

where the normalized design moment, m, is given by

M

u

m=—-—_>4%—
b,d’af,

D
w |f (%]s[ﬁ} the neutral axis lies within the flange and the subsequent

calculations for As are exactly the same as previously defined for the uniform
thickness slab design (IS G-2.1). However, in this case, the width of the slab
is taken as br. Compression reinforcement is required when My > Misingie.

D
= |f ();—”] > (Tf] the neutral axis lies below the flange and the calculation for

As has two parts. The first part is for balancing the compressive force from the
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flange, Cr, and the second part is for balancing the compressive force from the
web, Cy, as shown in Figure 13-2.

— Calculate the ultimate resistance moment of the flange as:
M, =0.45f, (b, —bw)yf( —%f] (IS G-2.2)

where x is taken as:

D, if D, <0.2d
¥ = (IS G-2.2)

0.15x, +0.65D, if D; >0.2d
— Calculate the moment taken by the web as
MW = Mu - Mf.

— Calculate the limiting ultimate moment of resistance of the web for tension
reinforcement as:

X X

vasingle = (X,fckbwdz u,(rjnax |:1_ IB uanax :| Whel’e (IS G'll)

0.53 if f, <250 MPa

f, 250

. 0.53-0.05- if 250 < f, <415MPa
e f 16215 (1S 38.1)

0.48-0.02—— if 415< f, <500 MPa

0.46 if f, > 500 MPa

= If Mw < Musingle, the slab is designed as a singly reinforced concrete slab. The
area of reinforcement is calculated as the sum of two parts, one to balance
compression in the flange and one to balance compression in the web.

M
f M, . where

A ) —05y,) ()
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d 28
M,
m=—-_%"—
b,d%a f,

= If My > Musingle, the area of compression reinforcement, A's, is given by:

!

MW - I\/Iw,single

(f’s—o'mfd‘](d—d')

m

where d' is the depth of the compression reinforcement from the concrete
compression face, and

d ] f,
foo = o maxEs | 1— <Y (IS G-1.2)
Xu,max 7/5

The required tension reinforcement is calculated as:

Mf Mw,single I\/lw - Mw,single

O/ )@=057) (h/r) (1,/)(d-d)

z:d{l—ﬁxu‘%}

13.4.1.5 Minimum and Maximum Reinforcement

where

1

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (IS 26.5.2):

0.0015bD if f, <415MPa
< (IS 26.5.2.1)

0.0012bD if f, >415MPa
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In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area
(1S 26.5.1.1).

13.4.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved (IS 40.1):

= Determine the design shear stress

= Determine the shear stress that can be resisted by the concrete

= Determine the shear reinforcement required to carry the balance
Determine the design nominal shear stress as follows.

= For prismatic sections

Y
= 1S 40.1
wE ( )

= For non-prismatic sections (slab with varying depth)
V, £ ﬂtan p
= t()j—d where (1S 40.1.1)

£ = angle between the top and bottom edges of the slab

M, is the moment at the section, and the negative sign is considered when
the numerical value of the moment increases in the same direction as
the depth, d, and the positive sign is considered when the numerical
value of the moment decreases in the same direction as the depth in-
creases.

Ty < Te,max (1S 40.2.3, Table 20)

The maximum nominal shear stress, zmax IS given in IS Table 20 as follows:
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Maximum Shear Stress, zmax (MPa)
(1S 40.2.3, IS Table 20)

Concrete Grade M15 | M20 | M25 | M30 | M35 | M40

Tc,max (MP&) 2.5 2.8 3.1 3.5 3.7 4.0

The maximum nominal shear stress, zmax, is computed using linear interpolation
for concrete grades between those indicated in IS Table 20.

Determine the design shear stress that can be carried by the concrete, as:
Ted = ké‘/ch, (IS 402)

where k is the enhancement factor for the depth of the section, taken as 1.0 for
slabs, and is computed as follows for other slabs:

k=1 (IS 40.2.1.1)

d is the enhancement factor for compression and is given as:

1+3 i <15 if P, >0, Under Compression
o= A, Ty (1S 40.2.2)

1 if B, <0, Under Tension
d is always taken as 1

A is the factor for light-weight concrete, and
7 is the basic design shear strength for concrete, which is given by:
Yl Va
T, = 0.64(%) (h) (1S 40.2.1)
bd 25

The preceding expression approximates IS Table 19. It should be noted that the
value of y has already been incorporated in IS Table 19 (see note in IS 36.4.2.1).
The following limitations are enforced in the determination of the design shear
strength as is the case in the Table.

100 A,

0.15< <3 (1S 40.2.1, Table 19)
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foac <40 MPa (for calculation purpose only) (1S 40.2.1, Table 19)
Determine required shear reinforcement:
n If v < Ted + 04,

A, _ 040 (IS 40.3, 26.5.1.6)

S 0.87f

v ' y

" [f g+ 04< g < Tc,max,

(1S 40.4(a))
A, _ (Tv ~ Tod ) b
S, 0.87 f,
IS 40.4(a
A, 04 ( (a))
s, 087f,
» If 7 > max, a failure condition is declared. (1S 40.2.3)

In calculating the shear reinforcement, a limit is imposed on the f, as:
fy <415 MPa (1S 40.4)

The maximum of all of the calculated As, /sy values, obtained from each load
combination, is reported along with the controlling shear force and associated
load combination.

The slab shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
ments to satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

13.4.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.
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13.4.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (IS 31.6.1). For rectangular columns and concentrated loads,
the critical area is taken as a rectangular area with the sides parallel to the sides
of the columns or the point loads (IS 31.6.1). Figure 13-3 shows the auto punch-
ing perimeters considered by ETABS for the various column shapes. The column
location (i.e., interior, edge, corner), and the punching perimeter may be over-
written using the Punching Check Overwrites.

—_————

Interior Column

AT d/2

Circular Column T-Shape Column L-Shape Column

Figure 13-3 Punching Shear Perimeters

13.4.3.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be aM,
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be (1 — o) My (IS 31.6.2.2), where:

o= ! (IS 31.3.3)

_1+(2/3)«/a1/a2
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and a; is the width of the critical section measured in the direction of the span
and a; is the width of the critical section measured in the direction perpendicular
to the span.

13.4.3.3 Determine Concrete Capacity

The concrete punching shear factored strength is taken as:

Ve = ks Tc (IS 31631)
k= 05+ B <10 (15 31.6.3.1)
%= 025f, (1S 31.6.3.1)

S = ratio of the minimum to the maximum dimensions of the support sec-
tion.

13.4.3.4 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section.

_V_U+ 7/V2[Mu2 -V (Y3 — y1)]['33(Y4 — ys) — |23(X4 — Xs)] _

v, =
bod |22|33 - |232 Eq. 1
7/V3[MU3 _VU (Xs — Xl)] [|22(X4 — Xa) B Iza(y4 B Y3)]
|22|33 - |232
n —_—
I, = z l,, , where "sides" refers to the sides of the critical
sides=1
section for punching shear Eq. 2
n —_—
I = z l,;,  where "sides" refers to the sides of the critical
sides =1
section for punching shear Eq. 3
n —_—
I, = z l,,, where "sides" refers to the sides of the critical
sides =1
section for punching shear Eq. 4
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Side of critical section

Critical section for X, - X being considered

punching shear
shown by heavy line

Centroid of entire
critical section for
punching shear.

shown solid

/Center of side of critical
section being considered.

L goordinates are (X,,Y,)-

Coordinates are (X3,Y;). s = wf\—A—

Plan View For Side o

yz'yg 2

f Critical Section Parallel to 3-Axis

Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire

critical section for T T——|

punching shear. I

Center of side of critical

Coordinates are (X,,Y,). -—,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis

Work This Sketch With Equations 5a, 6a and 7

Figure 13-4 Shear

Stress Calculations at Critical Sections

The equations for 1, 1,, and I,, are different depending on whether the

side of the critical section
the 2-axis or parallel to th

for punching shear being considered is parallel to
e 3-axis. Refer to Figures 13-4.

I,, = Ld(y, — Y,)?, for side of critical section parallel to 2-axis ~ Eq. 5a

—  Ld® d®
l,=—+—+1Ld
2~ 5 12 (Y2

parallel to 3-axis
— Ld® dC
=——+—+ Ld(x
33 12 12 ( 2
parallel to 2-axis

—y,)?, for side of critical section

Eq. 5b

—x,)?, for side of critical section

Eq. 6a

Slab Design 13-19



ETABS Reinforced Concrete Design

I, = Ld(x, — x,)?, for side of critical section parallel to 3-axis ~ Eq. 6b

I, = Ld (X, — X,)(Y, — ¥,), for side of critical section
parallel to 2-axis or 3-axis Eq. 7

NOTE: 1,; is explicitly set to zero for corner condition.

where,

bo = Perimeter of critical section for punching shear

d = Effective depth at critical section for punching shear based on the aver-
age of d for the 2 direction and d for the 3 direction

l., = Moment of inertia of critical section for punching shear about an axis
that is parallel to the local 2-axis

I3 = Moment of inertia of critical section for punching shear about an axis
that is parallel to the local 3-axis

l.s = Product of inertia of critical section for punching shear with respect to
the 2 and 3 planes

L = Length of side of critical section for punching shear currently being con-

sidered

Muz = Moment about line parallel to 2-axis at center of column (positive in
accordance with the right-hand rule)

Mus = Moment about line parallel to 3-axis at center of column (positive in
accordance with the right-hand rule)

vu = Punching shear stress

Vu = Shear at center of column (positive upward)

X1, y1 = Coordinates of column centroid

X2, Y2 = Coordinates of center of one side of critical section for punching shear

X3, Y3 = Coordinates of centroid of critical section for punching shear
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13.4.4

Xa, Y2 = Coordinates of location where you are calculating stress
we = Percent of My resisted by shear

yva = Percent of Mys resisted by shear

13.4.3.5 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is com-
pleted as described in the subsections that follow.

13.4.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined, but limited to:

v, <1.57, (1S31.6.3.2)
13.4.4.2 Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vinax = 057, bod (IS 31.6.3.2)

Given Vy, Ve, and Vmay, the required shear reinforcement is calculated as follows
(1S 31.6.3.2).

A = (V, ~0-5,)S (IS 31.6.3.2, 40.4(a))
0.87f,d '
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» If Vy > Vimax, a failure condition is declared. (1S 31.6.3.2)

= If V, exceeds the maximum permitted value of Vmax, the concrete section
should be increased in size.

13.4.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 13-5 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner

column.
Typical Studrail Outermost Out_ermost _
(only first and last peripheral line ) peripheral line
studs shown) —L of studs N— of studs
T =K d/2
zé / \\ 42 l, |
)
| I e — X
by, Critical
section
centroid  Free /| _
; edge Y/
Free edge /] ! |x\>/ Crltical section
—v4— | —'\,— centroid
Interior Column Edge Column Corner Column

Figure 13-6 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 2d measured in a
direction parallel to the column face.

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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13.4.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in IS 26.4 plus half of the diameter of the
flexural reinforcement.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 2d. The limits of s, and the spacing, s, between the peripheral lines are
specified as:

So < 0.5d
s < 0.5d

g <2
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Chapter 14
Design for Italian NTC 2008

14.1

Notations

This chapter describes in detail the various aspects of the concrete design
procedure that is used by ETABS when the Italian code NTC2008 [D.M.
14/01/2008] is selected. For the load combinations, reference is also made to
NTC2008. Various notations used in this chapter are listed in Table 14-1.

The design is based on user-specified loading combinations. However, the pro-
gram provides a set of default load combinations that should satisfy requirements
for the design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and
descriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 14-1 List of Symbols Used in the NTC2008

Ac Area of concrete section, mm?
As Area of tension reinforcement, mm?

As Area of compression reinforcement, mm?
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Table 14-1 List of Symbols Used in the NTC2008

Agl Area of longitudinal reinforcement for torsion, mm?

Asw Total cross-sectional area of links at the neutral axis, mm?

Asw /Sy Area of shear reinforcement per unit length, mm2/mm

Ails Area of transverse reinforcement per unit length for torsion,
mm?/mm

a Depth of compression block, mm
Width or effective width of the section in the compression zone,
mm

by Width or effective width of flange, mm

bw Average web width of a flanged shaped-section, mm

d Effective depth of tension reinforcement, mm

d Effective depth of compression reinforcement, mm

E. Modulus of elasticity of concrete, MPa

Es Modulus of elasticity of reinforcement

fed Design concrete strength = acc fox / yc, MPa

fex Characteristic compressive concrete cylinder strength at 28 days,
MPa

fetm Mean value of concrete axial tensile strength, MPa

fowd Design concrete compressive strength for shear design = o
fouc /" MPa

Ve

fowic Characteristic compressive cylinder strength for shear design,
MPa

s Compressive stress in compression reinforcement, MPa

fya Design yield strength of reinforcement = fy /ys, MPa

Ty Characteristic strength of shear reinforcement, MPa

fywa Design strength of shear reinforcement = fy /ys, MPa

Fywic Characteristic strength of shear reinforcement, MPa

h Overall depth of section, mm
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Table 14-1 List of Symbols Used in the NTC2008

hy
Meq
m

Miim

Sv

Ted
Trde
TRd,max
u

VRdc
VRd,max
Ved

X

Xlim

Qe

Olew

&

&s

e
75

Flange thickness, mm
Design moment at a section, N-mm
Normalized design moment, M/bd®nfeq

Limiting normalized moment capacity as a singly reinforced sec-
tion

Spacing of the shear reinforcement, mm
Torsion at ultimate design load, N-mm
Torsional cracking moment, N-mm

Design torsional resistance moment, N-mm
Perimeter of the punch critical section, mm
Design shear resistance from concrete alone, N
Design limiting shear resistance of a cross-section, N
Shear force at ultimate design load, N

Depth of neutral axis, mm

Limiting depth of neutral axis, mm

Lever arm, mm

Coefficient accounting for long-term effects on the concrete com-
pressive strength

Coefficient accounting for the state of stress in the compression
chord

Redistribution factor

Concrete strain

Strain in tension reinforcement

Strain in compression steel

Partial safety factor for concrete strength
Partial safety factor for reinforcement strength

Factor defining the effective depth of the compression zone
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14.2

Table 14-1 List of Symbols Used in the NTC2008

v Effectiveness factor for shear resistance without concrete crush-
ing

n Concrete strength reduction factor for sustained loading and stress
block

o, Tension reinforcement ratio

Op Axial stress in the concrete, MPa

Angle of the concrete compression strut
Normalized tension reinforcement ratio
@ Normalized compression reinforcement ratio

Dhim Normalized limiting tension reinforcement ratio

Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be checked. NTC2008 allows load combinations to
be defined based on NTC2008 Equation 2.5.1.

2701,1011(,/ +2762k,102k,1 +P+ 7/0,101{,1 +270,1'l//0,1'0k,1' (Eq 251)

j>1 1>1 i>1

Load combinations considering seismic loading are automatically generated
based on NTC2008 Equation 2.5.5.

ZGM,/ + ZGZI(,[ +P+E+ZW2_,-Q,(J, (Eqg. 2.5.5)

j>1 121 i>1

For both sets of load combinations, the variable values are defined in the list that
follows.

Yersup = 1.30 (NTC2008 Table 2.6.1)
Yevint = 1.00 (NTC2008 Table 2.6.1)
Ye2.sup = 1.50 (NTC2008 Table 2.6.1)
Yezint = 0.00 (NTC2008 Table 2.6.1)
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14.3

Yo1sup= 1.5 (NTC2008 Table 2.6.1)
YQ.int = 0.0 (NTC2008 Table 2.6.1)
Yousup= 1.5 (NTC2008 Table 2.6.1)
Ya.,inf = 0.0 (NTC2008 Table 2.6.1)
woi = 0.7 (live load, assumed not to be storage) (Table 2.5.1)
yoi = 0.6 (wind load) (Table 2.5.1)
woi = 0.5 (snow load, assumed H < 1,000 m) (Table 2.5.1)
y2i = 0.3 (live, assumed office/residential space) (Table 2.5.1)
y2i =0 (snow, assumed H < 1,000 m) (Table 2.5.1)

If roof live load is treated separately or other types of loads are present, other
appropriate load combinations should be used.

Limits on Material Strength

The concrete compressive strength, fe, should not be greater than 90 MPa
(NTC2008 Tab. 4.1.1). The reinforcement material should be B450C or B450A
(NTC2008 §11.3.2).

NTC Table 11.3.1a:
fy,nom 450 N/rnm2

ft,nom 540 N/mm?

NTC Table 11.3.1b: Material TYPE B450C Properties

Properties Prerequisite | Fracture %
Characteristic yield stress, fy« > fy,nom 5.0
Characteristic rupture stress, fu > fy.nom 5.0
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14.4

(fu fy)k >1.15

<1.35 10.0
Elongation at rupture
(fy/ fy'nom)k < 125 100
(Agx >75% 10.0

NTC Table 11.3.Ic: Material TYPE B450A Properties

Properties Prerequisite | Fracture %
Characteristic yield stress, fyx > fy.nom 5.0
Characteristic rupture stress, fi > Ty nom 5.0
(fu fy)x >1.05

<1.25 10.0
Elongation at rupture
(fy/ fy'nom)k < 125 100
(Agx >2.5% 10.0

Partial Safety Factors

The design strengths for concrete and steel are obtained by dividing the charac-
teristic strengths of the materials by the partial safety factors, ysand yc as shown
here.

fcd =0 fck /yc (NTC Eq. 414)
fua =y /v, (NTC Eg. 4.1.6)
fowa = Fouc /Y5 (NTC Eg. 4.1.6)

occ IS the coefficient taking account of long term effects on the compressive
strength. o is taken as 0.85 (NTC2008 4.1.2.1.1.1) by default and can be over-
written by the user.
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14.5

14.5.1

The partial safety factors for the materials and the design strengths of concrete
and reinforcement are given in the text that follows (NTC2008 4.1.2.1.1.1-3):

Partial safety factor for reinforcement, ys = 1.15
Partial safety factor for concrete, yc = 1.5

These values can be overwritten; however, caution is advised.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
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= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

145.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

145.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user can avoid the need for compression reinforce-
ment by increasing the effective depth, the width, or the grade of concrete.

The design procedure is based on a simplified rectangular stress block, as shown
in Figure 14-1 (NTC Fig. 4.1.3). When the applied moment exceeds the moment
capacity, the area of compression reinforcement is calculated on the assumption
that the additional moment will be carried by compression and additional tension
reinforcement.

The design procedure used by the program for both rectangular and flanged sec-
tions (T-shaped section) is summarized in the following subsections. . For rein-
forced concrete design where design ultimate axial compression load does not
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exceed (0.1fcd A, ) , axial force is ignored; hence, all slabs are designed for ma-

jor direction flexure, shear, and torsion only. Axial compression greater than
(0.1fCd Ag) and axial tensions are always included in flexural and shear design.

I _.‘ T feq
v T
! < C
A ilox |t 5 s
d h
, O
r— | T, T
Asj .‘T S C
Beam Section Strain Diagram Stress Diagram

Figure 14-1 Uniform Thickness Slab Design

In designing for a factored negative or positive moment, Megq (i.€., designing top
or bottom steel), the effective strength and depth of the compression block are
given by accfeca and Sx (see Figure 14-1) respectively, where:

£=0.8 (NTC §4.1.2.1.2.2)
tiee = 0.85 (NTC §4.1.2.1.2.2)
fg = Ol fo if f, <50N/mm?

c

o =0.85
Y. =15

if f, >50N/mm? NTC 2008 refer to Eurocode 2:
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fck

fcd =0ccM
c

1= 1.0 — (fa — 50)/200 for 50 < fx < 90 MPa (EC2 Eq. 3.22)

For the design of the slab, a ductility criterion, suggested in Eurocode 2 8 5.5, is
followed.

The limiting value of the ratio of the neutral axis depth at the ultimate limit state
to the effective depth, (x/d)im, is expressed as a function of the ratio of the redis-
tributed moment to the moment before redistribution, o, as follows:

(x/d),,, =(5—k)/k, for fu <50 MPa (EC2 Eq. 5.10a)
(x/d),,, =(6—ks)/k, for fo>50 MPa (EC2 Eq. 5.10b)

No redistribution is assumed, such that Jis assumed to be 1. The four factors, ki,
ko, ks, and k4 are defined as:

ki = 0.44 (EC25.5(4))
k, =1.25(0.6+0.0014/¢,, ) (EC25.5(4))
ks = 0.54 (EC25.5(4))
k, =1.25(0.6+0.0014/¢,, ) (EC25.5(4))

where the ultimate strain, &2, i1s determined from EC2 Table 3.1 as:

&u2 = 0.0035 for fk < 50 MPa (NTC§4.1.2.1.2.2)

gz = 2.6+ 35[ (90— 1,,)/100] for fu > 50 MPa  (NTC §4.1.2.12.2)

145.1.2.1 Uniform Thickness Slab Flexural Reinforcement

For uniform thickness slab, the normalized moment, m, and the normalized sec-
tion capacity as a singly reinforced section, mjim, are determined as:

M
m=———
bd? f,

14-10 Slab Design
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_ql X _Blx
Nt

The reinforcing steel area is determined based on whether m is greater than, less
than, or equal to Miim.

= If m <miim, a Singly reinforced slab will be adequate. Calculate the normalized
steel ratio, w, and the required area of tension reinforcement, As, as:

®=1-+1-2m

A= o f.4bd
fl
This area of reinforcing steel is to be placed at the bottom if Megq is positive, or

at the top if Mgq IS negative.

= If m > miim, compression reinforcement is required. Calculate the normalized
steel ratios, ®', wiim, and ®, as:

o= Oimnt O

where d' is the depth to the compression steel, measured from the concrete
compression face.

Calculate the required area of compression and tension reinforcement, As' and
As, as:

Ao [ f bd }
!
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A= | fubd
fyd

f

’
where s ' the stress in the compression steel, is calculated as:

f5, = Esgc |:1—d_:| Sfyd

lim

As is to be placed at the bottom and As' is to be placed at the top if Mg is
positive, and As' is to be placed at the bottom and As is to be placed at the top
if Meq is negative.

14.5.1.2.2 Nonuniform Thickness Slab Flexural Reinforcement

In designing a T-shaped slab section, a simplified stress block, as shown in
Figurel4-2, as assumed if the flange is in compression, i.e., if the moment is
positive. If the moment is negative, the flange is in tension, and therefore ig-
nored. In that case, a simplified stress block, similar to that shown in Figure
14-2, is assumed on the compression side.

14.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, Mgq (i.€., designing top steel), the
calculation of the reinforcing steel area is exactly the same as described for a
uniform thickness slab, i.e., no specific flanged data is used.

14.5.1.2.2.2 Flanged Slab Section Under Positive Moment

In designing for a factored positive moment, Mgq, the program analyzes the sec-
tion by considering the depth of the stress block. If the depth of the stress block
is less than or equal to the flange thickness, the section is designed as a uniform
thickness with a width by If the stress block extends into the web, additional
calculation is required.

For flanged-shaped section, the normalized moment, m, and the normalized sec-
tion capacity as a singly reinforced section, mjim, are calculated as:
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_gql x _Blx
mos(3) 143 |

Calculate the normalized steel ratios wiim and , as:

e
o _ﬂ( d jlim

w=1-41-2m

Calculate the maximum depth of the concrete compression block, Xmax, and the
effective depth of the compression block, x, as:

Xmax = ®lim d
X = wd

The reinforcing steel area is determined based on whether m is greater than, less
than, or equal to mjim.

= If x < hy, the subsequent calculations for As are exactly the same as previ-
ously defined for uniform thickness slab design. However, in this case, the
width of the slab is taken as by, as shown in Figure 14-2. Compression rein-
forcement is required if m>mjin, .

= If x> h¢, the calculation for As has two parts. The first part is for balancing
the compressive force from the flange, and the second part is for balancing
the compressive force from the web, as shown in Figure 14-2.

= Therequired reinforcing steel area, As2, and corresponding resistive moment,
M, for equilibrating compression in the flange outstands are calculated as:

(br —b, )h; oy

Aszz f

yd
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h
MZ =Aszfyd d_7

‘ _ € fcd . fcd
et R el i
% ;d_ £ “c T \
AS'\ ¥ s s Xo=P ~-C;
| |
d ;\J N
| 1 I I B
¢ .<—+ E. TS TW Tf
A s
-~ by,
Beam Section Strain Diagram Stress Diagram

Figure 14-2 Nonuniform Thickness Slab Design

Now calculate the required reinforcing steel area As: for the rectangular sec-
tion of width b, to resist the remaining moment M; = Mgq — M2. The normal-

ized moment, ms is calculated as:

The reinforcing steel area is determined based on whether m; is greater than,

less than, or equal to Miim.

= If my <miim, @ singly reinforced section will be adequate. Calculate the
normalized steel ratio, w;, and the required area of tension reinforce-

ment, Asi, as:

o =1-+1-2m

A= o {m}

yd
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= If my > miim, compression reinforcement is required. Calculate the nor-
malized steel ratios, ®', iim, and , as:

o= B (gjlim

— M- My,
1-d'/d

™1 = Olim+ ®

where d' is the depth to the compression steel, measured from the
concrete compression face.

Calculate the required area of compression and tension reinforcement,

As and A, as:
As’ - (,0' fcdkl)d
L fS _
Au= o f bd
L fyo i

The total tensile reinforcement is As = As1 + As2, and the total compression
reinforcement is As'. As is to be placed at the bottom and As' is to be placed
at the top of the section.

14.5.1.3 Minimum and Maximum Tensile Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits:
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14.5.2

A min = O-ZG%bd (NTC Eq. 4.1.43)
yk
A, i =0.0013bd (NTC Eq. 4.1.43)

where fum is the mean value of axial tensile strength of the concrete and is com-
puted as:

f. =0.30f, "% for fu <50 MPa (NTC Eq. 11.2.3a)
fm = 2.12I0(1+ f,,, /10) for fx > 50 MPa (NTC Eq. 11.2.3b)
f,, = f +8MPa (NTC Eq. 11.2.2)

The minimum flexural tension reinforcement required for control of cracking
should be investigated independently by the user.

An upper limit on the tension reinforcement and compression reinforcement has
been imposed to be 0.04 times the gross cross-sectional area (NTC 8§ 4.1.6.1.1).

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved.

= Determine the design forces acting on the section, Neq and Veq. Note that Neq
is needed for the calculation of Vrcg.

= Determine the maximum design shear force that can be carried without
crushing of the notional concrete compressive struts, Vrca.

» Determine the required shear reinforcement as area per unit length, A,,/s.

The following three sections describe in detail the algorithms associated with
this process.
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14.5.2.1 Determine Design Shear Force

In the design of the slab shear reinforcement, the shear forces and moments for
a particular design load combination at a particular strip are obtained by factor-
ing the associated shear forces and moments with the corresponding design load
combination factors.

14.5.2.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, Vg, is calculated as:
3
Vade =| Cra k(2003 Ty ) + ki |B,d (EC2 6.2.2(1))

with a minimum of:

Vg = (Viin + K10, ) by d (EC26.2.2(1))
where
foc 1s in MPa
200 . .
k=1+ e <2.0 withd in mm (EC26.2.2(1))
. . A,
o = tension reinforcement ratio = b d <0.02 (EC26.2.2(2))
Aq = area of tension reinforcement (EC26.2.2(1))
6, =Ng /A <0.2f, MPa (EC26.2.2(1))

The value of Crq,, Vmin and ki for use in a country may be found in its National
Annex. The program default values for Crq., Vmin, and ki are given as follows
(EC26.2.2(1)):

Cra,c= 0.18/yc (EC26.2.2(1))
Vmin = 0.035 k3?2 12 (EC26.2.2(1))
ki =0.15. (EC26.2.2(1))
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For light-weight concrete:

Crac= 0.18/ v (EC2 11.6.1(1))
Vimin = 0.03 k32 f, 2 (EC2 11.6.1(1))
ki =0.15. (EC2 11.6.1(1))

14.5.2.3 Determine Maximum Design Shear Force

To prevent crushing of the concrete compression struts, the design shear force
VEeq is limited by the maximum sustainable design shear force, Vrca. If the design
shear force exceeds this limit, a failure condition occurs. The maximum sustain-
able shear force is defined as:

Ve =0.9-d -by, - . feq -M (NTC Eq. 4.1.19)
1+cot® 4

a, =1 for members not subjected to axial compression

O

=1+ for 0<o,, <0.25f

cd

=1.25 fOI’ 025 de < ch SOS de

O

:25{14‘ J fOI’ 05 de Sgcp < de

cd
fcld = 05 de

a  angle between the shear reinforcement and the column axis. In the case of
vertical stirrups « =90 degrees

6  angle between the concrete compression struts and the column axis. NTC
2008 allows @1to be taken between 21.8 and 45 degrees.

14.5.2.4 Determine Required Shear Reinforcement

If Veq is less than Vreq, the required shear reinforcement in the form of stirrups
or ties per unit spacing, A, /s, is calculated as:
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14.5.3

A v 1

swo__ Ed .
s 09d-f,, (cota+cot6’)sina

(NTC Eq. 4.1.18)

with o =90 degrees and 9 given in the previous section.

The maximum of all of the calculated A, /s values, obtained from each design

load combination, is reported for the major direction of the slab, along with the
controlling combination name.

The calculated shear reinforcement must be greater than the minimum reinforce-
ment:

A =150

Ssw,min
with b in millimeters and Asw, min in mm2/mm.

The slab shear reinforcement requirements reported by the program are based
purely on shear strength consideration. Any minimum stirrup requirements to
satisfy spacing considerations or transverse reinforcement volumetric consider-
ations must be investigated independently by the user.

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

NTC2008 for the punching shear check refers to Eurocode2-2004.

145.3.1 Critical Section for Punching Shear

The punching shear is checked at the face of the column (EC2 6.4.1(4)) and at a
critical section at a distance of 2.0d from the face of the support (EC2 6.4.2(1)).
The perimeter of the critical section should be constructed such that its length is
minimized. Figure 6-3 shows the auto punching perimeters considered by
ETABS for the various column shapes. The column location (i.e., interior, edge,
corner) and the punching perimeter may be overwritten using the Punching
Check Overwrites.
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~————————
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T-Shape Column

L-Shape Column

Figure 6-3 Punching Shear Perimeters

14.5.3.2 Determination of Concrete Capacity

The concrete punching shear stress capacity is taken as:

VRd,c = |:CRd,ck (100,01 fck )]/3 + lecp}

with a minimum of:

VRd,c = (Vmin + klo-cp)

where f is in MPa and

k=1+ /% <2.0 withd in mm

PL= plxply <0.02

(EC2 6.4.4(1))

(EC2 6.4.4(1))

(EC2 6.4.4(1))

(EC2 6.4.4(1))

where pi and puy are the reinforcement ratios in the x and y directions respec-
tively, conservatively taken as zeros, and

Ocp = (O'cx + Ucy)/z
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where acx and oy are the normal concrete stresses in the critical section in the x
and y directions respectively, conservatively taken as zeros.

Cpg. =0.18/7, (EC2 6.4.4(1))
v =0.035k¥2f " (EC2 6.4.4(1))
ki=0.15 (EC2 6.4.4(1))

14.5.3.3 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear, the nominal design shear stress, Veq, is calculated as:

M_,.u M_, .U
Ve | gy Measth |y Measth , Where (EC2 6.4.4(2))
ud VeaWi, VeaWi5

VEd

k is the function of the aspect ratio of the loaded area in Table 14.1 of
EN 1992-1-1

us s the effective perimeter of the critical section
d isthe mean effective depth of the slab

Meq is the design moment transmitted from the slab to the column at the
connection along bending axis 2 and 3

Veq is the total punching shear force

W, accounts for the distribution of shear based on the control perimeter
along bending axis 2 and 3.

14.5.3.4 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.
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14.5.4 Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is per-
formed as described in the subsections that follow.

145.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

14.5.4.2 Determine Required Shear Reinforcement

The shear is limited to a maximum of Vreg calculated in the same manner as
explained previously for slabs.

Given Veq, Vrd,c, and Vred , the required shear reinforcement is calculated as fol-
lows (EC2 6.4.5).

® If VRdc < VeEd < VRed

~0.75
A, = (Ve VR‘“)(uld)sr (EC2 6.4.5)
5%,

= If Ve > Vreg, @ failure condition is declared. (EC26.2.3(3))

= If veg exceeds the maximum permitted value of Vre the concrete section
should be increased in size.

14.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 6-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.
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Typical Studrail Outermost Outermost
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Figure 6-4 Typical arrangement of shear studs and
critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed 2d. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 1.5d measured in a
direction parallel to the column face (EC2 9.4.3(1)).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

14.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in EC2 4.4.1 plus half of the diameter of
the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
10-, 12-, 14-, 16-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.3d. The spacing
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between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 1.5d and should not exceed 2d at additional perimeters. The limits of s, and
the spacing, s, between the peripheral lines are specified as:

0.3d<s,< 2d (EC29.4.3(1))
s< 0.75d (EC2 9.4.3(1))
g < 1.5d (first perimeter) (EC29.4.3(1))
g < 2d (additional perimeters) (EC29.4.3(1))

14 - 24 Slab Design



Chapter 15
Design for NZS 3101-06

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the New Zealand code NZS 3101-06 [NZS
06] is selected. Various notations used in this chapter are listed in Table 15-1.
For referencing to the pertinent sections of the New Zealand code in this chapter,
a prefix “NZS” followed by the section number is used.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

15.1 Notations

Notations

Table 15-1 List of Symbols Used in the NZS 3101-06 Code

Aco Area enclosed by perimeter of the section, sg-mm
Ac Area of concrete used to determine shear stress, sg-mm
Aq Gross area of concrete, sg-mm

15-1
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Table 15-1 List of Symbols Used in the NZS 3101-06 Code

A

Ao

As

Al
As(required)
Ad/s

Ay
Av/s

dp

amax

br
bw
bo
by

b2

Cob

Ec
Es

15-2 Notations

Avrea of longitudinal reinforcement for torsion, sq-mm
Gross area enclosed by shear flow path, sg-mm

Area of tension reinforcement, sq-mm

Area of compression reinforcement, sg-mm

Avrea of steel required for tension reinforcement, sg-mm

Area of closed shear reinforcement per unit length for torsion, sg-
mm/mm

Area of shear reinforcement, sg-mm

Area of shear reinforcement per unit length, sq-mm/mm
Depth of compression block, mm

Depth of compression block at balanced condition, mm
Maximum allowed depth of compression block, mm
Width of member, mm

Effective width of flange (flanged section), mm

Width of web (flanged section), mm

Perimeter of the punching critical section, mm

Width of the punching critical section in the direction of bending,
mm

Width of the punching critical section perpendicular to the direc-
tion of bending, mm

Distance from extreme compression fiber to the neutral axis, mm

Distance from extreme compression fiber to neutral axis at bal-
anced condition, mm

Distance from extreme compression fiber to tension reinforce-
ment, mm

Distance from extreme compression fiber to compression rein-
forcement, mm

Modulus of elasticity of concrete, MPa

Modulus of elasticity of reinforcement, assumed as 200,000 MPa
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Table 15-1 List of Symbols Used in the NZS 3101-06 Code

f'e
f's
fy

fy
h

ht
Ka

Kd

*

M
Pec
Po

Ve
Vimax

Vin
s

(241

i

Specified compressive strength of concrete, MPa
Stress in the compression reinforcement, psi

Specified yield strength of flexural reinforcement, MPa
Specified yield strength of shear reinforcement, MPa
Overall depth of sections, mm

Thickness of slab or flange, mm

Factor accounting for influence of aggregate size on shear
strength

Factor accounting for influence of member depth on shear
strength

Factored design moment at a section, N-mm
Outside perimeter of concrete section, mm
Perimeter of area A,, mm

Spacing of shear reinforcement along the strip, mm
Factored design torsion at a section, N-mm

Assumed wall thickness of an equivalent tube for the gross
section, mm

Assumed wall thickness of an equivalent tube for the area
enclosed by the shear flow path, mm

Shear force resisted by concrete, N

Factored shear force at a section, N

Average design shear stress at a section, MPa

Design shear stress resisted by concrete, MPa

Maximum design shear stress permitted at a section, MPa
Shear stress due to torsion, MPa

Punching shear factor accounting for column location

Concrete strength factor to account for sustained loading and
equivalent stress block

Factor for obtaining depth of compression block in concrete

Notations 15-
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Table 15-1 List of Symbols Used in the NZS 3101-06 Code

S Ratio of the maximum to the minimum dimensions of the punch-
ing critical section

& Strain in concrete

Eo.max Maximum usable compression strain allowed in the extreme
concrete fiber, (0.003 in/in)

& Strain in reinforcement

o Strength reduction factor for bending
Strength reduction factor for shear and torsion

% Fraction of unbalanced moment transferred by flexure

% Ft:action of unbalanced moment transferred by eccentricity of
shear

15.2 Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For NZS 3101-06, if a structure is sub-
jected to dead (D), live (L), pattern live (PL), snow (S), wind (W), and earth-
quake (E) loads, and considering that wind and earthquake forces are reversible,
the following load combinations may need to be considered (AS/NZS 1170.0,

4.2.2):
1.35D
1.2D +1.5L
1.2D + 1.5(0.75 PL)
1.2D +0.4L + 1.0S

1.2D £ 1.0W
0.9D £ 1.0W
1.2D +0.4L + 1.0W

1.0D £ 1.0E
1.0D + 0.4L + 1.0E

15-4  Design Load Combinations

(AS/NZS 1170.0, 4.2.2(a))
(AS/NZS 1170.0, 4.2.2(b))
(AS/NZS 1170.0, 4.2.2(b))
(AS/NZS 1170.0, 4.2.2(g))

(AS/NZS 1170.0, 4.2.2(d))
(AS/NZS 1170.0, 4.2.2(¢))
(AS/NZS 1170.0, 4.2.2(d))

(AS/NZS 1170.0, 4.2.2(f))
(AS/NZS 1170.0, 4.2.2(f))
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Note that the 0.4 factor on the live load in three of the combinations is not valid
for live load representing storage areas. These are also the default design load
combinations in ETABS whenever the NZS 3101-06 code is used. If roof live
load is treated separately or if other types of loads are present, other appropriate
load combinations should be used.

15.3 Limits on Material Strength

The upper and lower limits of f' shall be as follows:

25< f' <100 MPa (NZS 5.2.1)

The lower characteristic yield strength of longitudinal reinforcement, f,, should
be equal to or less than 500 MPa for all frames (NZS 5.3.3). The lower charac-
teristic yield strength of transverse (stirrup) reinforcement, fy, should not be
greater than 500 MPa for shear or 800 MPa for confinement (NZS 5.3.3).

The code allows use of ' and f, beyond the given limits, provided special study
is conducted (NZS 5.2.1).

ETABS enforces the upper material strength limits for flexure and shear design
of slabs. The input material strengths are taken as the upper limits if they are
defined in the material properties as being greater than the limits. The user is
responsible for ensuring that the minimum strength is satisfied.

15.4 Strength Reduction Factors

The strength reduction factors, ¢, are applied to the specified strength to obtain
the design strength provided by a member. The ¢ factors for flexure, shear, and
torsion are as follows:

¢ = 0.85 for flexure (NZS 2.3.2.2)
¢s = 0.75 for shear and torsion (NZS 2.3.2.2)

These values can be overwritten; however, caution is advised.

Limits on Material Strength  15-5
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15.5

15.5.1

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
Design flexural reinforcement
Design shear reinforcement

Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

Determine factored axial loads and moments for each slab strip.
Design flexural reinforcement for the strip.

These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.
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155.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

15.5.3.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding the compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 15-1 (NZS 7.4.2.7). Furthermore, it is assumed that the compression
carried by the concrete is 0.75 times that which can be carried at the balanced
condition (NZS 9.3.8.1). When the applied moment exceeds the moment capac-
ity at the balanced condition, the area of compression reinforcement is calculated
assuming that the additional moment will be carried by compression reinforce-
ment and additional tension reinforcement.

Slab Design  15-7
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Figure 15-1 Uniform Thickness Slab Design

The design procedure used by ETABS, for both rectangular and flanged sections
(L- and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (0.1 f'c Ag), axial force is ignored; hence, all slabs are designed for major
direction flexure, shear, and torsion only. Axial compression greater than 0.1 f'¢
Ag and axial tensions are always included in flexural and shear design.

15.5.1.2.1Design of uniform thickness slab

In designing for a factored negative or positive M” (i.e., designing top or bottom
reinforcement), the depth of the compression block is given by a (see Figure 15-
1), where,

a=d- /dz—ﬂ,—% (NZS 7.4.2)
1% ¢

where the default value of ¢, is 0.85 (NZS 2.3.2.2) in the preceding and follow-
ing equations. The factor o is calculated as follows (NZS 7.4.2.7):
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a, =085 for f; <55MPa
a, =0.85-0.004(f; —55) for f,>55MPa, 0.75<a,<0.85

The value f1 and ¢y, are calculated as follows:

£, =085 for f <30, (NZS 7.4.2.7)
£, =0.85-0.008(f; —30), 0.65<p, <0.85 (NZS 7.4.2.7)
C,=— 2 ¢ (NZS 7.4.2.8)
" g + 1, /E, o
The maximum allowed depth of the rectangular compression bloack, amax, is
given by:
amax = 0.751Cp (NZS 7.4.2.7,9.3.8.1)

If a < amax (NZS 9.3.8.1), the area of tension reinforcement is given by:

*

B M
Taifed

The reinforcement is to be placed at the bottom if M” is positive, or at the top
if M” is negative.

= If a> amax (NZS 9.3.8.1), compression reinforcement is required (NZS 7.4.2.9)
and is calculated as follows:

The compressive force developed in the concrete alone is given by:

C = (04} fébamax (NZS 7427)

and the moment resisted by concrete compression and tension reinforcement

IS.
a
=cld - Smax
[o-5)e

Slab Design  15-9



ETABS Reinforced Concrete Design

Therefore the moment required to be resisted by compression reinforcement
and tension reinforcement is:

*S — M* _ M*C
The required compression reinforcement is given by:

*

M,

A = , Where
* (f; —ozlf’c)(d—d')¢b
, c-d'
fs =& maxEs {—} <f, (NZS7.4.2.2,7.4.2.4)
c
The required tension reinforcement for balancing the compression in the con-
crete is:
M *
As1 = t

5

and the tension reinforcement for balancing the compression reinforcement is
given by:

Anax
2

*

MS

As =
CRd-d)4

Therefore, the total tension reinforcement, As = As1 + Asz, and the total compres-
sion reinforcement is A's. As is to be placed at the bottom and A's is to be placed
at the top if M” is positive, and vice versa if M" is negative.

15.5.1.2.2Design of nonuniform thickness slab

15.5.1.2.2.1  Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M" (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.
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15.5.1.2.22  Flanged Slab Section Under Positive Moment
If M* > 0, the depth of the compression block is given by:

(NZS 7.4.2)

The maximum allowable depth of the rectangular compression block, amax, is
given by:

amax = 0.751C (NZS 7.4.2.7,9.3.8.1)

If a < hy, the subsequent calculations for As are exactly the same as previously defined for
the uniform thickness slab design. However, in this case the width of the sl;ab is taken as
br. Compression reinforcement is required when a > amax.

If a > hy, calculation for As has two parts. The first part is for balancing the compressive
force from the flange, Cs, and the second part is for balancing the compressive force from
the web, Cy, as shown in Figure 15-2.

| . " £=0.003 o, f! a,f;
‘ f rf — <—+
v <
V I d | f; C, \
A;\ T \—/Cf
C
d \
r ® ! > L = L
A - T T
b,
(I) BEAM (Il) STRAIN (I STRESS
SECTION DIAGRAM DIAGRAM

Figure 15-2 Nonuniform Thickness Slab Design

Cs is given by:
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Cr =ayfi (b —by)h (NZS 7.4.2.7)

C
Therefore, As = f—f and the portion of M" that is resisted by the flange is
y
given by:

. d,
Mf =Cf[d _7j¢b

Therefore, the balance of the moment, M”, to be carried by the web is:
Ww=M"—-M%

The web is a rectangular section with dimensions by, and d, for which the depth
of the compression block is recalculated as:

*

2 2Mw

alfc%bw

(NZS 7.4.2)

= If a1 < amax (NZS 9.3.8.1), the area of tension reinforcement is then given by:

*

¢b fy(d _le
As=As + As

This reinforcement is to be placed at the bottom of the flanged section.

= If a1 > amax (NZS 9.3.8.1), compression reinforcement is required and is cal-
culated as follows:

The compressive force in the web concrete alone is given by:

C = T1b, 80 (NZS 7.4.2.7)

and the moment resisted by the concrete web and tension reinforcement is:
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* a.
M; =C, | d ——m
-c[a-2m )

The moment resisted by compression and tension reinforcement is:
M*s = M*w - M*c
Therefore, the compression reinforcement is computed as:

*

M
A = S , Where

(fe—apfy)(d—d')d,

s = &¢ max

! E, [ﬂ} <f, (NZS 7.4.2.2, 7.4.2.4)
C

The tension reinforcement for balancing compression in the web concrete is:

*

M.
a

fy[ d - mac

(o5

and the tension reinforcement for balancing the compression reinforcement is:

Asr =

*

M
Asz = :

f,[d-d)g,

Total tension reinforcement is As = As1 + As> + Ags, and the total compression
reinforcement is A's. As is to be placed at the bottom, and A's is to be placed at the
top.

15.5.3.2 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limit (NZS 12.5.6.2, 8.8, 2.4.4):

%7ph  f <500 MPa
AT (NZS 12.5.6.2, 8.8.1)

0.0014bh  f, >500 MPa
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In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area.

The slab reinforcement requirements reported by the program do not con-
sider crack control. Any minimum requirements to satisfy crack limita-
tions must be investigated independently of the program by the user.

15.5.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:

= Determine the factored shear force, V".
= Determine the shear force, V., that can be resisted by the concrete.

= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

15.5.3.2 Determine Shear Force and Moment

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular slab section are obtained by factoring the corresponding
shear forces for different load cases with the corresponding load combination
factors.

15.5.3.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, V, is calculated as:

Ve=Ve Aw (NZS9.3.9.3.4)
The allowable shear stress capacity is given by:

Ve = KaKa kn vp (NZS9.3.9.3.4)

The basic shear strength for a rectangular section is computed as,
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A
w=|0.07+10——| A,/f., where (NZS 9.3.9.3.4)
b,d
f, <50 MPa, and (NZS 9.3.9.3.4)
0.08 4,/f; <wm< 0.22,/f (NZS 9.3.9.3.4)
where
1.0, normal concrete
A=40.85, sandlight-weight concrete (NZS 9.3.9.3.5)

0.75, alllight-weight concrete

The factor k, allows for the influence of maximum aggregate size on shear
strength. For concrete with a maximum aggregate size of 20 mm or more, ka shall
be taken as 1.0. For concrete where the maximum aggregate size is 10 mm or
less, the value of k, shall be taken as 0.85. Interpolation is used between these
limits. The program default for k, is 1.0.

0.85, ay <10mm
a, —10
k, =40.85+0.15 0 /' ay <20mm (NZS9.3.9.3.4)
1.00, ay > 20mm

The factor kq allows for the influence of member depth on strength and it shall
be calculated from the following conditions:

For members with shear reinforcement equal to or greater than the nomi-
nal shear reinforcement given in NZS 9.3.9.4.15, ks = 1.0

For members with an effective depth equal to or smaller than 400 mm,
ks =1.0 (NZS 9.3.9.3.4)

For members with an effective depth greater than 400, k, = (400/ d )0'25
where d is in mm (NZS 9.3.9.3.4)

The factor k, allows for the influence of axial loading (NZS 10.3.10.3.1).
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1, N" =0
k, = 1+3[ Nf,J, N" >0 (NZS 10.3.10.3.1)
Cc
1+12 N— N <0
A, f,

15.5.3.2  Determine Required Shear Reinforcement

The average shear stress is computed for rectangular and flanged sections as:

*

.V
v=— (NZS 7.5.1)
b,d
The average shear stress is limited to a maximum of,

Vmax = Min{0.2f |, 8 MPa} (NZS 7.5.2,9.3.9.3.3)

The shear reinforcement is computed as follows:

If v < ¢ (v, /2) or h < max(300 mm, 0.5by),

i =0 (NZS 9.3.9.4.13)
S
= 1f (v, /2) <V < g,
1 b
i =—/f. (NZS 7.5.10, 9.3.9.4.15)
s 16 f
" If gsve < V' < s Vinaxs (NZS 9.3.9.4.2)
A _(V-gv)
S ¢ f,d
= If V' > vinax, a failure condition is declared. (NZS 7.5.2,9.3.9.3.3)
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If the slab depth h is less than the minimum of 300 mm and 0.5bw, no shear
reinforcement is required (NZS 9.3.9.4.13).

The maximum of all of the calculated Ay /s values, obtained from each load com-
bination, is reported along with the controlling shear force and associated load
combination.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated inde-
pendently of the program by the user.

15.5.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Key Features and Terminology manual.
Only the code-specific items are described in the following.

15.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (NZS 12.7.1(b)). For rectangular columns and concentrated
loads, the critical area is taken as a rectangular area with the sides parallel to the
sides of the columns or the point loads (NZS 12.7.1(b)). Figure 15-3 shows the
auto punching perimeters considered by ETABS for the various column shapes.
The column location (i.e., interior, edge, corner) and the punching perimeter may
be overwritten using the Punching Check Overwrites.
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Figure 15-3 Punching Shear Perimeters

15.5.3.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be ytM”
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be y, M", where

i 1
N (2/3) b, b,
1

W=1_1+wamﬁm

where by is the width of the critical section measured in the direction of the span
and by is the width of the critical section measured in the direction perpendicular
to the span.

(NZS 12.7.7.2)

(NZS 12.7.7.1)

15.5.3.3 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as the minimum of the
following three limits:
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1, 2\ =
g(“zx/fic

v, = min %(u "sd JJT (NZS 12.7.3.2)

0

L
3

where, £ is the ratio of the maximum to the minimum dimension of the critical
section (NZS 12.1, 12.7.3.2(a)), bo is the perimeter of the critical section, and s
is a scale factor based on the location of the critical section.

20 for interior columns,
o, =<15 for edge columns, (NZS 12.7.3.2(b))
10 for corner columns.

A limit is imposed on the value of /f_ as follows:

AT < /100 (NZS 9.3.9.3.5(6))

15.5.3.4 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed
assuming linear variation along the perimeter of the critical section.

* A + ]/VZ[M; _V*(y3 - yl)][|33(y4 - ys) - |23(X4 —XS)] 3

v 2
bod Lo las — Ly Eq. 1
7/V3[M; _V*(XS _Xl)] [|22(X4 _X3) - Izs(Y4 - ys)]
|22|33_|232

n
I, = z l,,, where "sides" refers to the sides of the critical
sides=1

section for punching shear Eq. 2
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I, = Z l.,, where "sides" refers to the sides of the critical

section for punching shear Eq. 3

ls= D 1y, where "sides" refers to the sides of the critical

sides=1

section for punching shear Eq. 4

The equations for 1,,,1,, and I, are different depending on whether the side

of the critical section for punching shear being considered is parallel to the 2-
axis or parallel to the 3-axis. Refer to Figures 15-4.

1,, = Ld(y, — Y,)?, for side of critical section parallel to 2-axis ~ Eq. 5a

- Ld® dU 2 . iy .
l,, = T + ET3 + Ld(y, —Y,)", for the side of the critical section

parallel to the 3-axis Eq. 5b
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Side of critical section
Critical section for X, - X being considered
punching shear shown solid
shown by heavy line

/Center of side of critical
) ] section being considered.
Centroid of entire

e ) L Coordinates are (X,,Y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s = wf\—=—
yz - y3 2

Plan View For Side of Critical Section Parallel to 3-Axis
Work This Sketch With Equations 5b, 6b and 7

Critical section for
punching shear shown 3
by heavy line. Side of
critical section being
considered shown solid

Centroid of entire
critical section for $
punching shear. Center of side of critical

Coordinates are (X,,Y,). -—,\/section being considered.
L Coordinates are (X,,Y,).

Plan View For Side of Critical Section Parallel to 2-Axis
Work This Sketch With Equations 5a, 6a and 7

Figure 15-4 Shear Stress Calculations at Critical Sections

—  Ld® d’ 2 : " .
==, + ET3 + Ld(x, —y,)°, for the side of the critical section
parallel to the 2-axis Eqg. 6

I, = Ld(x, —X,)?, for the side of the critical section
parallel to the 3-axis Eq. 6b

I, = Ld (X, — X,)(Y, — ¥,) , for the side of the critical section
parallel to the 2-axis or 3-axis Eq. 7

NOTE: 1,; is explicitly set to zero for corner condition.
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where,

bo = Perimeter of critical section for punching shear

d = Effective depth at critical section for punching shear based on average
of d for 2 direction and d for 3 direction

l., = Moment of inertia of critical section for punching shear about an axis
that is parallel to the local 2-axis

I3 = Moment of inertia of critical section for punching shear about an axis
that is parallel to the local 3-axis

l.s = Product of inertia of critical section for punching shear with respect to
the 2 and 3 planes

L = Length of the side of the critical section for punching shear currently

being considered

M; = Moment about line parallel to 2-axis at center of column (positive per
right-hand rule)

M; = Moment about line parallel to 3-axis at center of column (positive per
right-hand rule)

V* = Punching shear stress

V* = Shear at center of column (positive upward)

X1, Y1 = Coordinates of column centroid

X2, Yo = Coordinates of center of one side of critical section for punching shear
X3, s = Coordinates of centroid of critical section for punching shear

Xs, Y2 = Coordinates of location where you are calculating stress

w2 = Percent of My resisted by shear

ws = Percent of Muys resisted by shear
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15.5.3.5 Determine Capacity Ratio

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

15.5.4 Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 150 mm, and not less
than 16 times the shear reinforcement bar diameter (NZS 12.7.4.1). If the slab
thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is per-
formed as described in the subsections that follow.

15.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is determined as:

v, :%1/ fr, (NZS 12.7.3.5)

15.5.4.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of;

Vinax = 0.5 [T (NZS 12.7.3.4)

Given V', Ve, and Vimax, the required shear reinforcement is calculated as follows,
where, ¢, is the strength reduction factor.
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ﬂ _ (Vn _VC)
< ¢de (NZS 12.7.4.2(a))

Minimum punching shear reinforcement should be provided such that:
V, 2%1/ f'.b,d (NZS 12.7.4.3)

= If vn > ¢Vmax, a failure condition is declared. (NZS 12.7.3.4)

= If vn» exceeds the maximum permitted value of ¢vmax, the concrete section
should be increased in size.

15.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 15-5 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner

column.
Typical Studrail Outermost Out.ermost )
(only first and last peripheral line )\ peripheral line
studs shown) —L of studs N— of studs
T - —}é d/2 \/d/z |y /j
W P _I_gy r
[T —a 3
1S, 1!
I—=] =7 — X h M I
| | |
lz—] Critical
section
centroid  Free _/4___‘_' «
edge '
Free edge /] |x\>/ Crltical section
N —'\,— centroid
Interior Column Edge Column Corner Column

Figure 15-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
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first line (perimeter) of shear reinforcement shall not exceed 2d measured in a
direction parallel to the column face (NZS 12.7.4.4).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

15.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in NZS 3.11 plus half of the
diameter of the flexural reinforcement.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 2d and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

So< 0.5d (NZS 12.7.4.4)
s < 0.5d (NZS 12.7.4.4)
g < 2d (NZS 12.7.4.4)
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Chapter 16
Design for Singapore CP 65-99

16.1

Notations

This chapter describes in detail the various aspects of the concrete design
procedure that is used by ETABS when the Singapore standard, Structural Use
of Concrete code CP 65-99 [CP 99], is selected. The program also includes the
recommendations of BC 2:2008 Design Guide of High Strength Concrete to Sin-
gapore Standard CP65 [BC 2008]. Various notations used in this chapter are
listed in Table 16-1. For referencing to the pertinent sections of the Singapore
code in this chapter, a prefix “CP” followed by the section number is used.

The design is based on user-specified load combinations. The program
provides a set of default load combinations that should satisfy the requirements
for the design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and
descriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 16-1 List of Symbols Used in the CP 65-99 Code

Aq Gross area of cross-section, mm?
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Table 16-1 List of Symbols Used in the CP 65-99 Code

Al

As

A
Asy
Asv /Sy

h max

16 -2 Notations

Area of longitudinal reinforcement for torsion, mm?

Area of tension reinforcement, mm?

Area of compression reinforcement, mm?

Total cross-sectional area of links at the neutral axis, mm?

Area of shear reinforcement per unit length of the member,
mm?2/mm

Depth of compression block, mm

Width or effective width of the section in the compression zone,
mm

Width or effective width of flange, mm

Average web width of a flanged section, mm

Torsional constant, mm?*

Effective depth of tension reinforcement, mm

Depth to center of compression reinforcement, mm

Modulus of elasticity of concrete, MPa

Modulus of elasticity of reinforcement, assumed as 200,000 MPa
Punching shear factor considering column location
Characteristic cube strength, MPa

Stress in the compression reinforcement, MPa

Characteristic strength of reinforcement, MPa

Characteristic strength of shear reinforcement, MPa (< 460 MPa)
Overall depth of a section in the plane of bending, mm

Flange thickness, mm

Smaller dimension of a rectangular section, mm

Larger dimension of a rectangular section, mm

Normalized design moment, My /bd?fe,

2
cu

. M . . .
Maximum o Y for a singly reinforced concrete section
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Table 16-1 List of Symbols Used in the CP 65-99 Code

ki
ka

M
Msingle

Sy

Ve
Vmax

Vi

Xbal

Bo

Jm
&

&s

Shear strength enhancement factor for support compression
Concrete shear strength factor, [ /30]%

Desigh moment at a section, N-mm

Limiting moment capacity as singly reinforced section, N-mm
Spacing of the links along the strip, mm

Design torsion at ultimate design load, N-mm

Perimeter of the punching critical section, mm

Design shear force at ultimate design load, N

Design shear stress at a slab cross-section or at a punching critical
section, MPa

Design concrete shear stress capacity, MPa
Maximum permitted design factored shear stress, MPa
Torsional shear stress, MPa

Neutral axis depth, mm

Depth of neutral axis in a balanced section, mm
Lever arm, mm

Torsional stiffness constant

Moment redistribution factor in a member
Partial safety factor for load

Partial safety factor for material strength
Maximum concrete strain

Strain in tension reinforcement

Strain in compression reinforcement
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16.2

16.3

16.4

Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. The design load combinations are ob-
tained by multiplying the characteristic loads by appropriate partial factors of
safety, » (CP 2.4.1.3). If a structures is subjected to dead (D), live (L), pattern
live (PL), and wind (W) loads, and considering that wind forces are reversible,
the following load combinations may need to be considered (CP 2.4.3).

1.4D

1.4D + 1.6L (CP2.4.3)
1.4D + 1.6(0.75PL) (CP2.4.3)
1.0D + 1.4W

1.4D + 1.4W (CP2.4.3)

12D +1.2L+12W

These are also the default design load combinations in ETABS whenever the CP
65-99 code is used. If roof live load is treated separately or other types of loads
are present, other appropriate load combinations should be used. Note that the
automatic combination, including pattern live load, is assumed and should be
reviewed before using for design.

Limits on Material Strength

The concrete compressive strength, f,, should not be less than 30 MPa (CP
3.1.7.2).

The program does not enforce this limit for flexure and shear design of slabs.
The input material strengths are used for design even if they are outside of the
limits. It is the user's responsible to use the proper strength values while defining
the materials.

Partial Safety Factors

The design strengths for concrete and reinforcement are obtained by dividing the
characteristic strength of the material by a partial safety factor, . The
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16.5

16.5.1

values of ym used in the program are listed in the table that follows and are taken
from CP Table 2.2 (CP 2.4.4.1):

Values of yn, for the Ultimate Limit State

Reinforcement 1.15
Concrete in flexure and axial load 1.50
Concrete shear strength without shear reinforcement 1.25

These factors are incorporated into the design equations and tables in the code,
but can be overwritten.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:
= Design flexural reinforcement
= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
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boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

16.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.

16.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding the compression
reinforcement by increasing the effective depth, the width, or the strength of the
concrete.

The design procedure is based on the simplified rectangular stress block shown
in Figure 16-1 (CP 3.4.4.4), where & is defined as:
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0.0035 if f, <60MPa

g = f _60) CP253,BC2.2
¢ 0.0035—M if f,>60MPa ( )
50000

Furthermore, it is assumed that moment redistribution in the member does not
exceed 10% (i.e., Sy > 0.9; CP 3.4.4.4). The code also places a limitation on the
neutral axis depth,

05 for f . <60N/mm?

cu —
gs 0.4 for 60<f, <75N/mm? (CP 3.4.4.4, BC 2.2)

0.33 for 75< f, <105N/mm?

to safeguard against non-ductile failures (CP 3.4.4.4). In addition, the area of
compression reinforcement is calculated assuming that the neutral axis depth re-
mains at the maximum permitted value.

The depth of the compression block is given by:

0.9x for f <60 N/mm?

cu —
a=:0.8x for 60<f, <75N/mm? (CP3.4.44,BC2.2)
0.72x for 75<f

cu -

o <105 N/mm?

The design procedure used by ETABS, for both rectangular and flanged sections
(L-and T-shaped sections), is summarized in the text that follows. For reinforced
concrete design where design ultimate axial compression load does not ex-
ceed (0.1f.Ag) (CP 3.4.4.1), axial force is ignored; hence, all slabs are designed
for major direction flexure and shear only. Axial compression greater than
0.1fcuAg g and axial tensions are always included in flexural and shear design.

16.5.1.2.1 Design of uniform thickness slab

For uniform thickness slab, the limiting moment capacity as a singly reinforced
slab, Msingie, is first calculated for a section. The reinforcement is determined
based on whether M is greater than, less than, or equal to Msinge. See Figure
16-1.
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Calculate the ultimate limiting moment of resistance of the section as singly re-
inforced.

Msingie = K'fou bd?, where (CP3.4.4.4)
0.67f,, /74
e — IR

- l

o p |4—
—
A
O
— -

d
® ® L, >
! T
> e T
A &
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 16-1 Uniform Thickness Slab Design

0.156 for f  <60N/mm?

cu —
K'=10.120 for 60 < f,, <75N/mm?
0.094 for 75 < f_. <105N/mm? and no moment redistribution.

cu —

= If M < Mingie, the area of tension reinforcement, As, is given by:

M
A, =———— where (CP 3.4.4.4)
0.87 fyz
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= d(0.5+ Jo.zs-%j <0.95d (CP 3.4.4.4)

M
fo,bd?

cu

K =

(CP 3.4.4.4)

This reinforcement is to be placed at the bottom if M is positive, or at the top
if M is negative.

= If M > MGsingle, cOmpression reinforcement is required and calculated as follows:

M — M,
A = single (CP 3.4.4.4)

[f's—o'mf“‘](d—d’)

Vm

where d' is the depth of the compression reinforcement from the concrete com-
pression face, and

f! =0.87f, if (% < —{1——} (CP 3.4.4.1, 2.5.3, Fig 2.2)

. 2d'] .. q /1], :
f=Ee |1-29 |ird)/ > 21— | (CP3.4.44,253 Fig2.2
T [1 d }' /4 2{ 800 | ¢ 922)

The tension reinforcement required for balancing the compression in the con-
crete and the compression reinforcement is calculated as:

Msingle i M _Msingle
0.87f,z 0.87f,(d-d')

d(o 5+ 0. 25—%}095(1 (CP 3.4.4.4)

A = , Where (CP 3.4.4.4)
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16.5.1.2.2 Design of nonuniform thickness slab

16.5.1.2.2.1 Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, M (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

16.5.1.2.2.2 Flanged Slab Section Under Positive Moment

With the flange in compression, the program analyzes the section by considering
alternative locations of the neutral axis. Initially the neutral axis is assumed to
be located in the flange. On the basis of this assumption, the program calculates
the exact depth of the neutral axis. If the stress block does not extend beyond the
flange thickness, the section is designed as a uniform thickness slab of width bx.
If the stress block extends beyond the flange width, the contribution of the web
to the flexural strength of the slab is taken into account. See Figure 16-2.

0.67f, /7 0.67f, /7

&
» b . —h L |
r f ’ r f —‘
l td' f. C \
A~ T ) ) ~—C,
X
d \
"__C,
’ ® > >
A el T T T,
by~
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 16-2 Nonuniform Thickness Slab Design

Assuming the neutral axis to lie in the flange, the normalized moment is given
by:
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M

cu ~f

Then the moment arm is computed as:

z=d {O.5+ ,/0.25—%} <0.95d (CP3.4.4.4)

the depth of neutral axis is computed as:

d-z
0.45°
d-z

X=10a0" " 60< f, <75N/mm>  (CP 3.4.4.4, BC 2.2, Fig 2.3)

for f . <60N/mm?

cu —

d-7 cr 75<f. <105N/mm?
0.36

cu —

and the depth of the compression block is given by:

0.9x for f <60 N/mm?

cu —

a=40.8x for 60<f, <75N/mm? (CP3.4.4.4,BC22,Fig2.3)
0.72x for 75<f,, <105N/mm?

= If a < hy, the subsequent calculations for A; are exactly the same as previously
defined for the uniform thickness slab design. However, in this case the width
of the slab is taken as br. Compression reinforcement is required when K > K'.

= [fa> hf,
If M < S f.bd? and hs < 0.45d then,

M +0.1f,bd(0.45d —h, )

, Where (BS 3.4.4.5)
0.87f,(d -0.5h, )
he( b h, b
B =045—"|1-=w 1L 11015 " (BS 3.4.4.5)
d” b 2d b
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Otherwise the calculation for As has two parts. The first part is for balancing
the compressive force from the flange, Cs, and the second part is for balancing
the compressive force from the web, Cy, as shown in Figure 16-2.

In that case, the ultimate resistance moment of the flange is given by:
M =0.45f, (b; —b, )h; (d—0.5h ) (CP 3.4.4.5)

The moment taken by the web is computed as:
M,=M-M,

and the normalized moment resisted by the web is given by:

K = % (CP 3.4.4.4)

» If Ky < 0.156 (CP 3.4.4.4), the slab is designed as a singly reinforced concrete
slab. The reinforcement is calculated as the sum of two parts, one to balance
compression in the flange and one to balance compression in the web.

M, M,
= +
0.87f,(d—-0.5h,) 0.87f,z

z=d 0.5+1/0.25—& <0.95d
0.9

= If Ky > K' (CP 3.4.4.4), compression reinforcement is required and is calcu-
lated as follows:

, Where

A

The ultimate moment of resistance of the web only is given by:
Muw = K' fou by d? (CP3.4.4.4)

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:
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' MW B Muw

(f;—o'mf“‘j(d—d')

Vm

where, d' is the depth of the compression reinforcement from the concrete com-
pression face, and

, gy A f .
f',=0.87f, if 0% <2 |1mgag | (CP3444,253 Fig2.2)

. 2d'] g/ 1, .
fro= Esg{l—T} if A > E_l__ (CP 3.4.4.4, 2.5.3, Fig 2.2)
The area of tension reinforcement is obtained from equilibrium as:

1 M, M, M,-M
AS: + UW+ w uw
0.87f,|d-05h, z  d-d'

z=d| 0.5+ /0.25—L <0.95d
0.9

16.5.1.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limit (CP 3.12.5.3, CP Table 3.25) with interpola-
tion for reinforcement of intermediate strength:

(CP3.12.5.3)

0.0024bh if f, =250 MPa
>
~10.0013bh if f, =460 MPa

For fe, > 40 N/mm?, the preceding minimum reinforcement shall be multiplied
by (feu/40)%3,

In addition, an upper limit on both the tension reinforcement and compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area
(CP3.12.6.1).
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16.5.2

Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved (CP 3.4.5):

= Determine the shear stress, v.
= Determine the shear stress, vc, that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

16.5.2.1 Determine Shear Stress

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular strip station are obtained by factoring the corresponding
shear forces for different load cases with the corresponding load combination
factors. The shear stress is then calculated as:

v =L (CP3.45.2)

b,d
The maximum allowable shear stress, vVimax IS defined as:
Vrax = Min (0.84/f,, , 7 MPa). (CP 3.4.5.2)
For light-weight concrete, vmax is defined as:

Vmax = Min(0.63 4/ f,, , 4 MPa) (CP Part25.4)

16.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:
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V' =v_+0.6 NVhsv 1 N

c c c +——
AM AV,

L _08aKkk, (1OOAS j% (4ooj%
=, bd d

(CP 3.4.5.12)

(CP 3.4.5.4, Table 3.9)

kq is the enhancement factor for support compression,

and is conservatively taken as 1 (CP 3.45.8)
b b
ko = fo, , 1<k < (@j (CP 3.45.4)
30 30
ym =125 (CP24.4.1)

However, the following limitations also apply:

0.15< 100A

<3 (CP 3.4.5.4, Table 3.9)

400\ . .
' > 0.67 (unreinforced) or > 1 (reinforced)(CP 3.4.5.4, Table

3.9)
fouw < 80 MPa (for calculation purpose only) (CP 3.45.4, Table 3.9)
\Ii/l_hgl (CP3.45.12)

As is the area of tension reinforcement

16.5.2.3 Determine Required Shear Reinforcement

Given v, V¢, and Vmax, the required shear reinforcement is calculated as follows
(CP Table 3.8, CP 3.4.5.3):

= Calculate the design average shear stress that can be carried by minimum shear
reinforcement, vi, as:
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0.4 if f <40N/mm?

cu —

o vV = ¢ % (CP 3.4.5.3, Table 3.8)
0.4( c%oj if 40 < f. <80N/mm?

cu —

f_ <80N/mm? (for calculation purpose only)  (CP 3.4.5.3, Table 3.8)

cu —

s fv<vVi+v,

A__vb (CP 3.45.3, Table 3.8)
s, 0.87f,

v

= [fv>vie+vy,

v-v'.)b
A _ @ (CP 3.4.5.3, Table 3.8)
S, 0.87f,,
= If v > vmay, @ failure condition is declared. (CP3.45.2)

In the preceding expressions, a limit is imposed on the fy, as
fiv <460 MPa (CP3.45.1)

The maximum of all of the calculated As//s, values, obtained from each load
combination, is reported along with the controlling shear force and associated
load combination.

The slab shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
ments to satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.

16.5.3 Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.
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16.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of 1.5d from the
face of the support (CP 3.7.7.4, 3.7.7.6). For rectangular columns and concen-
trated loads, the critical area is taken as a rectangular area with the sides parallel
to the sides of the columns or the point loads (CP 3.7.7.1). Figure 16-3 shows
the auto punching perimeters considered by ETABS for the various column
shapes. The column location (i.e., interior, edge, corner) and the punching pe-
rimeter may be overwritten using the Punching Check Overwrites.

16.5.3.2 Determination of Concrete Capacity
The concrete punching shear factored strength is taken as (CP 3.7.7.4, 3.7.7.6):

% b
Vv, = 0.84k.k, (100A 400 (CP 3.4.5.4, Table 3.9)
Vi bd d
kq is the enhancement factor for support compression,
and is conservatively taken as 1 (CP 3.45.8)
1.5d

Interior Column Edge Column Corner Column
ST === N
~~—=~_ 15d ~, AN !
- ~ 15d__4 \ i ~ 1.5d
/ \ / \
/ \ 7/ \\ : \\
! 1 i ) ' i
\ I} | | | |
\ / | | | i
\ / I '| : |
ST . 2 L vy |
Circular Column T-Shape Column L-Shape Column

Figure 16-3 Punching Shear Perimeters
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P
f 80
o= |- | 1<k<| = (CP 3.4.5.4, Table 3.9)
30 30
ym=1.25 (CP 3.4.5.2)

However, the following limitations also apply:

100 A,
0.15< bd <3 (CP 3.45.4, Table 3.9)

400\ . .
T > 0.67 (unreinforced) or > 1 (reinforced)(CP 3.4.5.4, Table

3.9)

For light-weight concrete, Vmax is defined as:

v <min(0.63,/f,,, 4 MPa) (CP Part25.4)
v<min (0.8/f,, 7 MPa) (CP 3.4.5.2, Table 3.9)
feu < 80 MPa (for calculation purpose only) (CP 3.4.5.4, Table 3.9)

As = area of tension reinforcement, which is taken as the average tension
reinforcement of design strips in Layer A and layer B where Layer A
and Layer design strips are in orthogonal directions. When design
strips are not present in both orthogonal directions then tension rein-
forcement is taken as zero in the current implementation.

16.5.3.3 Determine Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the nominal design shear stress, v, is cal-
culated as:

Vit =V(f ; 1'f/MX ] (CP3.7.6.2,3.7.6.3)
y
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16.5.4

where,

u is the perimeter of the critical section,

(CP3.7.6.2,3.7.6.3)

(CP3.7.7.3)

x and y are the lengths of the sides of the critical section parallel to the axis

of bending

My and My are the design moments transmitted from the slab to the column

at the connection

V s the total punching shear force

f is a factor to consider the eccentricity of punching shear force and is

taken as:

1.00 for interior columns,
f=<1.25 for edge columns, and
1.25 for corner columns.

16.5.3.4 Determine Capacity Ratio

Design Punching Shear Reinforcement

(CP3.7.6.2,3.7.6.3)

The ratio of the maximum shear stress and the concrete punching shear stress
capacity is reported as the punching shear capacity ratio by ETABS. If this ratio
exceeds 1.0, punching shear reinforcement is designed as described in the fol-
lowing section.

The use of shear links as shear reinforcement in slabs is permitted, provided that
the effective depth of the slab is greater than or equal to 200 mm (CP 3.7.7.5). If
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the slab thickness does not meet this requirement, the punching shear reinforce-
ment is not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is com-
pleted as described in the following subsections.

16.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is as previously determined for the punching check.

16.5.4.2 Determine Required Shear Reinforcement

The shear stress is limited to a maximum of:

Vimax = 2V¢ (CP 3775)
Given v, v, and Vmax, the required shear reinforcement is calculated as follows
(CP 3.7.7.5).
= If v<1.6ve,

A _ (v-v)ud _ 0.4ud

> , (CP3.7.7.5)
S 0.87f, 0.87 f,,
= |f1.6ve<v<2.0v,
5(0.7v—-v_)ud
A _S( ;Jud | 04ud , (CP3.7.7.5)
S 0.87f, 0.87f,
= |f v > vmax, @ failure condition is declared. (CP 3.7.7.5)

If v exceeds the maximum permitted value of vmax, the concrete section should
be increased in size.
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16.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 16-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner

column.

Typical Studrail
(only first and last

studs shown) —L

——,

L= X
I Critical
S [ section
U centroid ~ Free /|
; edge
)I, Free edge /| |x\>/ Crltical section
—y4— —'\,— centroid
le———I
j———— lx
Interior Column Edge Column Corner Column

Outermost
peripheral line

of studs =)

d/2

Outermost
peripheral line
of studs

Figure 16-4 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2. The spacing between adjacent shear reinforcement in the
first line (perimeter) of shear reinforcement shall not exceed 1.5d measured in a
direction parallel to the column face (CP 3.7.7.6).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.

16.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in CP 3.3 plus half of the diameter of the
flexural reinforcement.
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Punching shear reinforcement in the form of shear studs is generally available in
16-, 12-, 14-, 16-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
ceed 1.5d. The limits of s, and the spacing, s, between the peripheral lines are

specified as:
so < 0.5d (CP 3.7.7.6)
s < 0.75d (CP 3.7.7.6)
g < 1.5d (CP 3.7.7.6)
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Chapter 17
Design for TS 500-2000

17.1

Notations

This chapter describes in detail the various aspects of the concrete design proce-
dure that is used by ETABS when the American code TS 500-2000 [TS 500] is
selected. Various notations used in this chapter are listed in Table 17-1. For ref-
erencing to the pertinent sections or equations of the TS code in this chapter, a
prefix “TS” followed by the section or equation number is used herein.

The design is based on user-specified load combinations. The program provides
a set of default load combinations that should satisfy the requirements for the
design of most building type structures.

English as well as SI and MKS metric units can be used for input. The code is
based on Newton-millimeter-second units. For simplicity, all equations and de-
scriptions presented in this chapter correspond to Newton-millimeter-second
units unless otherwise noted.

Notations

Table 17-1 List of Symbols Used in the TS 500-2000 Code

Acp Area enclosed by the outside perimeter of the section, mm?

Ag Gross area of concrete, mm?
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Table 17-1 List of Symbols Used in the TS 500-2000 Code

A
Ao
th

As
A
Aot /s

Ao /s

ASW
Asuls

amax

b
Do
Dw
b1

b2

17 -2 Notations

Area of longitudinal reinforcement for torsion, mm?
Area enclosed by the shear flow path, mm?

Area enclosed by the centerline of the outermost closed transverse
torsional reinforcement, mm?

Area of tension reinforcement, mm?
Area of compression reinforcement, mm?

Area of transverse torsion reinforcement (closed stirrups) per unit
length of the member, mm?/mm

Area of transverse shear reinforcement per unit length of the mem-
ber, mm?/mm

Depth of compression block, mm

Area of shear reinforcement, mm?

Area of shear reinforcement per unit length of the member, mm2/mm
Maximum allowed depth of compression block, mm

Width of section, mm

Effective width of flange (flanged section), mm

Perimeter of the punching shear critical section, mm

Width of web (flanged section), mm

Width of the punching shear critical section in the direction of
bending, mm

Width of the punching shear critical section perpendicular to the di-
rection of bending, mm

Depth to neutral axis, mm
Distance from compression face to tension reinforcement, mm
Distance from compression face to compression reinforcement, in

Modulus of elasticity of concrete, N/mm?
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Table 17-1 List of Symbols Used in the TS 500-2000 Code

Es

Pep
Pn

Vmax
Vs
A2

Pe

ks

Modulus of elasticity of reinforcement, N/mm?

Designed compressive strength of concrete, N/mm?
Characteristic compressive strength of concrete, N/mm?
Characteristic tensile strength of concrete, N/mm?
Designed yield stress of flexural reinforcement, N/mm?.
Characteristic yield stress of flexural reinforcement, N/mm?.
Designed yield stress of transverse reinforcement, N/mm?2,
Overall depth of a section, mm

Height of the flange, mm

Desigh moment at a section, N/mm

Design axial load at a section, N

Outside perimeter of concrete cross-section, mm

Perimeter of centerline of outermost closed transverse torsional
reinforcement, mm

Spacing of shear reinforcement along the strip, mm

Critical torsion capacity, N/mm

Design torsional moment at a section, N/mm

Shear force resisted by concrete, N

Maximum permitted total factored shear force at a section, N
Shear force resisted by transverse reinforcement, N

Design shear force at a section, N

Punching shear scale factor based on column location

Ratio of the maximum to the minimum dimensions of the punching
shear critical section

Factor for obtaining depth of the concrete compression block
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Table 17-1 List of Symbols Used in the TS 500-2000 Code

& Strain in the concrete

& max Maximum usable compression strain allowed in the extreme
concrete fiber, (0.003 mm / mm)

& Strain in the reinforcement

&, Maximum usable compression strain allowed in extreme concrete fi-
ber (0.003 mm/mm)

& Strain in reinforcing steel

Ym Material factor

Yme Material factor for concrete

y) Shear strength reduction factor for light-weight concrete

17.2  Design Load Combinations

The design load combinations are the various combinations of the load cases for
which the structure needs to be designed. For TS 500-2000, if a structure is sub-
jected to dead (G), live (Q), wind (W), and earthquake (E) loads, and considering
that wind and earthquake forces are reversible, the following load combinations
may need to be considered (TS 6.2.6):

1.4G + 1.6Q (TS Egn. 6.3)
0.9G + 1.3W (TS Egn. 6.6)
1.0G+1.3Q+1.3W (TS Eqgn. 6.5)
0.9G +1.0E (TS Egn. 6.8)
1.0G +1.0Q + 1.0E (TS Eqn. 6.7)

These are the default design load combinations in ETABS whenever the TS 500-
2000 code is used. The user should use other appropriate load combinations if
roof live load is treated separately, or if other types of loads are present.
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17.3

17.4

17.5

Limits on Material Strength

The characteristic compressive strength of concrete, fe«, should not be less than
16 N/mm?. The upper limit of the reinforcement yield stress, fy, is taken as 420
N/mm? and the upper limit of the reinforcement shear strength, f is taken as 420
N/mm?2,

The program enforces the upper material strength limits for flexure and shear
design of slab. The input material strengths are taken as the upper limits if they
are defined in the material properties as being greater than the limits. The user is
responsible for ensuring that the minimum strength is satisfied.

Design Strength

The design strength for concrete and steel is obtained by dividing the character-
istic strength of the material by a partial factor of safety, ymcand yms. The values
used in the program are as follows:

Partial safety factor for steel, yms = 1.15, and (TS 6.2.5)
Partial safety factor for concrete, yme = 1.5. (TS 6.2.5)

These factors are already incorporated in the design equations and tables in the
code. Although not recommended, the program allows them to be overwritten.
If they are overwritten, the program uses them consistently by modifying the
code-mandated equations in every relevant place.

Slab Design

ETABS slab design procedure involves defining sets of strips in two mutually
perpendicular directions. The locations of the strips are usually governed by the
locations of the slab supports. The axial force, moments and shears for a partic-
ular strip are recovered from the analysis (on the basis of the Wood-Armer tech-
nique), and a flexural design is carried out based on the ultimate strength design
method.

The slab design procedure involves the following steps:

= Design flexural reinforcement

Limits on Material Strength  17-5



ETABS Reinforced Concrete Design

17.5.1

= Design shear reinforcement

= Punching check

Design Flexural Reinforcement

For slabs, ETABS uses either design strips or the finite element based design to
calculate the slab flexural reinforcement in accordance with the selected design
code. For simplicity, only strip-by-strip design is document in the proceeding
sections.

The design of the slab reinforcement for a particular strip is carried out at specific
locations along the length of the strip. These locations correspond to the element
boundaries. Controlling reinforcement is computed on either side of those ele-
ment boundaries. The slab flexural design procedure for each load combination
involves the following:

= Determine factored axial loads and moments for each slab strip.
= Design flexural reinforcement for the strip.

= These two steps, described in the text that follows, are repeated for every load
combination. The maximum reinforcement calculated for the top and bottom
of the slab within each design strip, along with the corresponding controlling
load combination, is obtained and reported.

17.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete slab, the factored moments
for each load combination at a particular design strip are obtained by factoring
the corresponding moments for different load cases, with the corresponding load
factors.

The slab is then designed for the maximum positive and maximum negative fac-
tored moments obtained from all of the load combinations. Calculation of bottom
reinforcement is based on positive design strip moments. In such cases, the slab
may be designed as a rectangular or flanged slab section. Calculation of top re-
inforcement is based on negative design strip moments. In such cases, the slab
may be designed as a rectangular or inverted flanged slab section.
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17.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding the compression
reinforcement by increasing the effective depth, the width, or the grade of con-
crete.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 17-1 (TS 7.1). When the applied moment exceeds the moment
capacity at this design condition, the area of compression reinforcement is cal-
culated on the assumption that the additional moment will be carried by com-
pression and additional tension reinforcement.

The design procedure used by the program for both rectangular and flanged sec-
tions is summarized in the following subsections. It is assumed that the design
ultimate axial force does not exceed (0.lfckAg ) (TS 7.3, Eqgn. 7.2); hence, all of

the slabs are designed ignoring axial force; hence, all slabs are designed for ma-
jor direction flexure and shear only. Axial compression greater than (O.lfckAg)

and axial tensions are always included in flexural and shear design..

17.5.1.2.1 Design of uniform thickness slab

In designing for a factored negative or positive moment, My (i.e., designing top
or bottom reinforcement), the depth of the compression block is given by a (see
Figure 17-1), where,

2|M
a:d‘\/dz‘%' (Ts7.1)
. cd

The maximum depth of the compression zone, cu, is calculated based on the com-
pressive strength of the concrete and the tensile steel tension using the following
equation (TS 7.1):

g, E

Cb — CU —S
Eous + Ty (TS 7.1)
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The maximum allowable depth of the rectangular compression block, amax, is
given by

A = 0.85K,C, (TS7.11, 7.3, Eqn. 7.4)
where k1 is calculated as follows:

ki=0.85-0.006( f, —25), 0.70<ki<0.85.  (TS7.1, Table7.1)

&~ 0.003 0.85f
b ———»
v
‘ dl
. e T
//// (I' c a= kic
d
o L e
4 %_» T TC
j — €g s
A
(i) BEAM (i) STRAIN (iii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 17-1 Uniform Thickness Slab Design

* If a < amax, the area of tension reinforcement is then given by:

M

o iy (d —2)

This reinforcement is to be placed at the bottom if Mgy is positive, or at the top
if Mg is negative.
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» If & > amax, COMpression reinforcement is required (TS 7.1) and is calculated
as follows:

— The compressive force developed in the concrete alone is given by:

C=0.85f_ba_.., (TS 7.1)
cd max

and the moment resisted by concrete compression and tension reinforcement
is:

MdC :C£d _a.mij.
2

— Therefore the moment required to be resisted by compression reinforcement
and tension reinforcement is:

Mg =My =M.

— The required compression reinforcement is given by:

Md
= S , Where
A (0, -0851,)(d-d")
o. =E,é, {C"‘?—_d} <f. (TS7.1)

— The required tension reinforcement for balancing the compression in the
concrete is:

Mds

and the tension reinforcement for balancing the compression reinforcement
is given by:

Mds

A = fo(d—d)
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Therefore, the total tension reinforcement is As = As1 + Asz, and the total com-
pression reinforcement is A's. As is to be placed at the bottom and A's is to be
placed at the top if Mq is positive, and vice versa if Mg is negative.

17.5.1.2.2 Design of nonuniform thickness slab

In designing a flanged-shaped section, a simplified stress block, as shown in Fig-
ure 17-2, is assumed if the flange is under compression, i.e., if the moment is
positive. If the moment is negative, the flange comes under tension, and the
flange is ignored. In that case, a simplified stress block similar to that shown in
Figure 17-1 is assumed on the compression side.

- by - e 4’_‘%":"&_‘ 085, 0.85f.
‘ I ;d'_ £ ‘e
Al T : 4’@ Cy
c
d l - N

— — o
S e ow R
buw =

(i} BEAM {ii) STRAIN (iii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 17-2 Nonuniform Thickness Slab Design

17.5.1.2.2.1Flanged Slab Section Under Negative Moment

In designing for a factored negative moment, My (i.e., designing top reinforce-
ment), the calculation of the reinforcement area is exactly the same as described
previously, i.e., no flanged data is used.

17.5.1.2.2.2 Flanged Slab Section Under Positive Moment
If Mg > 0, the depth of the compression block is given by:
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a=d-— |d? __ My

The maximum depth of the compression zone, ¢y, is calculated based on the com-
pressive strength of the concrete and the tensile steel tension using the following
equation (TS 7.1):
E
G =—es (TS 7.1)
EquBs + fig
The maximum allowable depth of the rectangular compression block, amax, is
given by

a,., =0.85kc, (TS 7.11, 7.3, Eqn. 7.4)

where kj is calculated as follows:

ki=0.85- 0.006( fo — 25) , 0.70<k;<0.85. (TS 7.1, Table 7.1)

= If a < d; the subsequent calculations for As are exactly the same as previ-
ously defined for the uniform thickness slab section design. However, in
that case, the width of the slab is taken as by, as shown in Figure 17-2.
Compression reinforcement is required if a > amax.

= If a>ds, the calculation for As has two parts. The first part is for balancing
the compressive force from the flange, Cr, and the second part is for
balancing the compressive force from the web, Cy, as shown in Figure 17-

2. Cris given by:
C; =0.85f (b b, )xmin(d,,a,,) (TS 7.1)

S ¥ 'max

C
Therefore, A, :f—f and the portion of My that is resisted by the flange is
yd

given by:

My =cf(d

B min(ds,amax)J

2
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Therefore, the balance of the moment, Mgy, to be carried by the web is given
by:

de: Md _Mdf

The web is a rectangular section of dimensions by and d, for which the design
depth of the compression block is recalculated as:

2M
=d- [d*——— TS7.1
% J 0851, b (Ts7.1)

w

= If a1 < amax (TS 7.1), the area of tensile steel reinforcement is then given by:

A&z =L' and
fyd[d—azlj
A=A +A,

This steel is to be placed at the bottom of the T-shaped section.
= If a1 > amax, COMpression reinforcement is required and is calculated as follows:
The compression force in the web concrete alone is given by:

C=085f,b,a (TS7.1)

W max

Therefore the moment resisted by the concrete:
a
M, =C|d-——"|
dc [ 2 j

The tensile steel for balancing compression in the web concrete is:

Mdc

Aszz—amax 1
fyd d- >

The moment resisted by compression steel and tensile steel is:
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Mds = de_Md

C

Therefore, the compression steel is computed as:

A =— Me , where
(0, -0851,)(d-d")
' Crnax —d’
o, =E.&g, e <f,,and (TS 7.1)
max

the tensile steel for balancing the compression steel is:

Mds

Aa = fo(d—d’)

The total tensile reinforcement is A, = A, + A, + A5, and the total compres-
sion reinforcement is A;. As is to be placed at the bottom and A; is to be
placed at the top.

17.5.1.2.3 Minimum and Maximum Tensile Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (TS 11.4.5):

As min = 0.0020 bh for steel grade S220 (TS11.45)
Asmin = 0.00175 bh for steel grade S420 and S500 (TS11.45)

In addition, an upper limit on both the tension reinforcement and compres-
sion reinforcement has been imposed to be 0.04 times the gross cross-sec-
tional area.

17.5.2 Design Slab Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the design strip. In designing the shear reinforcement for a particular strip,
for a particular load combination, at a particular station due to the slab major
shear, the following steps are involved:
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= Determine the factored shear force, V.
= Determine the shear force, V., that can be resisted by the concrete.
= Determine the shear reinforcement required to carry the balance.

The following three sections describe in detail the algorithms associated with
these steps.

17.5.2.1 Determine Factored Shear Force

In the design of the slab shear reinforcement, the shear forces for each load com-
bination at a particular design strip station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load com-
bination factors.

17.5.2.2 Determine Concrete Shear Capacity

Given the design force set Nqg and Vg, the shear force carried by the concrete, V.,
is calculated as follows:

= If the slab is subjected to axial loading, Nq is positive in this equation regardless
of whether it is a compressive or tensile force,

V., = 0.651,40,d [1+_de j (T$8.1.3, Eqn. 8.1)
Ay
where,
0.07 for axial compression
y = -0.3for axial tension
O0when tensile stress < 0.5 MPa
V, =0.8V,, (TS8.1.4,Eqn. 8.4)

17.5.2.3 Determine Required Shear Reinforcement

Given Vg and V¢, the required shear reinforcement in the form of stirrups or ties
within a spacing, s, is given for rectangular and circular columns by the follow-

ing:
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= The shear force is limited to a maximum of

V.. =0.22f A, (TS 8.1.5b)

= The required shear reinforcement per unit spacing, A /s, is calculated as
follows:

If Vv, <V,

cr?

Aw _ggtas (TS 8.L5, Eqn. 8.6)
s pud

elseif VvV, <V, <V

max ?
V, -V
Aw_Vo=Ve) (TS 8.1.4, Eqn. 8.5)
S fwad
Aw sz ta0 (TS 8.L5, Eqn. 8.6)
S ywd

else if Vg >V,

a failure condition is declared. (TS 8.1.5b)

If V4 exceeds its maximum permitted value Vimax, the concrete section size should
be increased (TS 8.1.5h).

The maximum of all of the calculated Asw/s values, obtained from each design
load combination, is reported along with the controlling shear force and associ-
ated design load combination name.

The slab shear reinforcement requirements considered by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric considerations must be investigated
independently of the program by the user.
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17.5.3

Check for Punching Shear

The algorithm for checking punching shear is detailed in the section entitled
“Slab Punching Shear Check” in the Chapter 1. Only the code-specific items are
described in the following sections.

17.5.3.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of d/2 from the
face of the support (TS 8.3.1). For rectangular columns and concentrated loads,
the critical area is taken as a rectangular area with the sides parallel to the sides
of the columns or the point loads (TS 8.3.1). Figure 17-3 shows the auto punch-
ing perimeters considered by ETABS for the various column shapes. The column
location  (i.e., interior,  edge, corner) and the  punching
perimeter may be overwritten using the Punching Check Overwrites.

Interior Column Edge Column Edge Column
TN T ™
//’—5\\ d/2 ,\ \ |
/, \\ d/2 y U \\\ : N d/2
/ \
! ) { N I \
\ ] | | | 1
\ / | | | |
\
\\\\___,//’ :_ _____________ : !_ __________ :
Circular Column T-Shape Column L-Shape Column

Figure 17-3 Punching Shear Perimeters

17-16 Slab Design



Chapter 17 - Design for TS 500-2000

17.5.3.2 Determine Concrete Capacity
The concrete punching shear stress capacity is taken as the following limit:

Vor = fug =0.35 fy /e (TS 8.3.1)

17.5.3.3 Computation of Maximum Shear Stress

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear, the nominal design shear stress, vy, is calculated as:

V 0.4M _ ,u_d 0.4M _, .u d
p |4 n pd,2Yp +n Pd37P | where (TS 8.3.1)

Vg = +
u pd Vdem,Z Vdem,S

n  factor to be used in punching shear check

where b, >0.7b,

1
714 Jo, I,

When the aspect ratio of loaded area is greater than 3, the critical primeter
is limited assuming h=3b

up is the effective perimeter of the critical section
d isthe mean effective depth of the slab

Moa is the design moment transmitted from the slab to the column at the
connection along bending axis 2 and 3

Vpa is the total punching shear force

Wn section modulus of area within critical punching perimeter (u,) along
bending axis 2 and 3.

17.5.3.4 Determine Capacity Ratio

Given the punching shear force and the fractions of moments transferred by ec-
centricity of shear about the two axes, the shear stress is computed assuming
linear variation along the perimeter of the critical section. The ratio of the max-
imum shear stress and the concrete punching shear stress capacity is reported as
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the punching shear capacity ratio by ETABS. If this ratio exceeds 1.0, punching
shear reinforcement is designed as described in the following section.

17.5.4 Design Punching Shear Reinforcement

The use of shear studs as shear reinforcement in slabs is permitted, provided that
the slab thickness is greater than or equal to 250 mm, a (TS 8.3.2). If the slab
thickness does not meet these requirements, the punching shear reinforcement is
not designed and the slab thickness should be increased by the user.

The algorithm for designing the required punching shear reinforcement is used
when the punching shear capacity ratio exceeds unity. The Critical Section for
Punching Shear and Transfer of Unbalanced Moment as described in the earlier
sections remain unchanged. The design of punching shear reinforcement is de-
scribed in the subsections that follow.

17.5.4.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is limited to:

Vor = fug =035 fy /e (TS 8.3.1)

17.5.4.2 Determine Required Shear Reinforcement
The shear force is limited to a maximum of;

Vor max =1.57 fq =0.525y/ fi, /7/C for shear links/shear studs (TS 8.3.1)

Given Vpa, Vir, and Vprmax, the required shear reinforcement is calculated as fol-

lows,
V,, -V,
ﬂz—( 0 ~Vie) (TS8.1.4)
S f,qd
® If Vpa > Vprmax, @ failure condition is declared. (TS8.3.1)

= |f Vpq exceeds the maximum permitted value of Vprmax, the concrete section
should be increased in size.
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Typical

17.5.4.3 Determine Reinforcement Arrangement

Punching shear reinforcement in the vicinity of rectangular columns should be
arranged on peripheral lines, i.e., lines running parallel to and at constant dis-
tances from the sides of the column. Figure 17-4 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

NOTE: Shear Stud and shear links requirements are computed based on ACI
318-08 code as Turkish TS 500-2000 refers to special literature on this topic.

Studrail Outermost Outermost

(only first and last peripheral line L\ peripheral line
studs shown) —L of studs N— of studs Eree

- |
= REl
: ?-(-)-El:i:— -X — X O d | I
| - — [
I Critical Y d/2
N ifl 7 section A
MUY centroid Free_/4 A\
T edge” [NV ONX
y Free edge /| I Crltical section
N —'\,— centroid
je———|,
Interior Column Edge Column Corner Column

Figure 17-4 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

The distance between the column face and the first line of shear reinforcement
shall not exceed d/2(ACI R11.3.3, 11.11.5.2. The spacing between adjacent
shear reinforcement in the first line (perimeter) of shear reinforcement shall not
exceed 2d measured in a direction parallel to the column face (ACI 11.11.3.3).

Punching shear reinforcement is most effective near column corners where there
are concentrations of shear stress. Therefore, the minimum number of lines of
shear reinforcement is 4, 6, and 8, for corner, edge, and interior columns respec-
tively.
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17.5.4.4 Determine Reinforcement Diameter, Height, and Spacing

The punching shear reinforcement is most effective when the anchorage is close
to the top and bottom surfaces of the slab. The cover of anchors should not be
less than the minimum cover specified in ACI 7.7 plus half of the
diameter of the flexural reinforcement.

Punching shear reinforcement in the form of shear studs is generally available in
10-, 12-, 14-, 16-, and 20-millimeter diameters.

When specifying shear studs, the distance, so, between the column face and the
first peripheral line of shear studs should not be smaller than 0.5d. The spacing
between adjacent shear studs, g, at the first peripheral line of studs shall not
exceed 2d, and in the case of studs in a radial pattern, the angle between adjacent
stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, between
the peripheral lines are specified as:

so< 0.5d (ACI 11.11.5.2)

<{0.75d for v, <6pA/f.
S<

(ACI 11.11.5.2)
0.50d for v, >6¢4./f,

g<2d (ACI111.11.5.3)
The limits of s, and the spacing, s, between for the links are specified as:
So < 0.5d (ACI111.11.3)

$<0.50d (ACI 11.11.3)
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