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Chapter 1
Introduction

SAFE 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 beam flexural, shear, and torsion reinforcement. The de-
sign procedures are outlined in the chapter entitled "SAFE Design Features” in
the Key Features and Terminology manual. The actual design algorithms 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. SAFE is a tool to
help the user in this process. Only the aspects of design documented in this
manual are automated by SAFE design capabilities. The user must check the
results produced and address other aspects not covered by SAFE.

1-1



Chapter 2
Design for ACI 318-08

2.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the American code ACI 318-08 [ACI 2008]
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 chap-
ter, a prefix “ACI” followed by the section or equation number is used herein.

The design is based on user-specified load 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 inch-pound-second units. For simplicity, all equations and descrip-
tions presented in this chapter correspond to inch-pound-second units unless
otherwise noted.

Notations

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

A
Ao
th

As
A's
At /s

Ay
Avls

amax

b
Do
Bw
b1

b,

2-2 Notations

Area of longitudinal reinforcement for torsion, sg-in
Area enclosed by the shear flow path, sg-in

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

Avrea of tension reinforcement, sg-in
Area of compression reinforcement, sg-in

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

Avrea of shear reinforcement, sg-in

Area of shear reinforcement per unit length, sg-in/in
Depth of compression block, in

Maximum allowed depth of compression block, in
Width of section, in

Effective width of flange (flanged section), in
Perimeter of the punching shear critical section, in
Width of web (flanged section), in

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

Width of the punching shear critical section perpendicular to the
direction of bending, in

Depth to neutral axis, in

Distance from compression face to tension reinforcement, in
Distance from compression face to compression reinforcement, in
Modulus of elasticity of concrete, psi

Modulus of elasticity of reinforcement, psi

Specified compressive strength of concrete, psi
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Table 2-1 List of Symbols Used in the ACI 318-08 Code

f's
fy
fyt
h
hy
My
Ny

Pu
Pep
Pn

Vmax
Vs
Vu

Be

i

&

&c 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 beam, in

Critical torsion capacity, lb-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



SAFE Reinforced Concrete Design

2.2

2-4

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

&s

Strain in the reinforcement

Minimum tensile strain allowed in the reinforcement at nominal

Fraction of unbalanced moment transferred by eccentricity of shear

s strength for tension controlled behavior (0.005 in/in)

¢ Strength reduction factor

% Fraction of unbalanced moment transferred by flexure
%

) Shear strength reduction factor for light-weight concrete
2] Angle of compression diagonals, degrees

Design Load Combinations

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

0.9D £ 1.6W
1.2D + 1.0L £ 1.6W

0.9D £+ 1.0E
12D +1.0L £ 1.0E

1.2D + 1.6L + 0.5S

1.2D + 1.0L + 1.6S

1.2D +1.65+0.8W
12D+ 1.0L +0.5S+1.6W
1.2D+1.0L +0.2S+ 1.0E

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 318-08, 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 re-
versible, the following load combinations may need to be considered
(AC19.2.1):

(ACI 9-1)
(ACI 9-2)
(ACI 13.7.6.3, 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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2.3

2.4

2.5

These are the default design load combinations in SAFE 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, SAFE 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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
this section. The reinforcement requirements are calculated at each station
along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

The beam design procedure involves the following steps:

Limits on Material Strength  2-5
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251

2-

6

= Design flexural reinforcement
= Design shear reinforcement

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

25.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

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

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 (ACI19.4), even if the material property is defined using a higher value.

Beam Design
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The design procedure is based on the simplified rectangular stress block, as
shown in Figure 2-1 (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 de-
sign 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 SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not exceed
(0.1f'cAg) (ACI 10.3.5), axial force is ignored; hence, all beams are designed

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

design.

2.5.1.2.1 Design of Rectangular Beams

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 —\/dz —W,”L}b (ACI10.2)

and the value of ¢ is taken as that for a tension-controlled section, which by de-
fault 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 &min,
which is equal to 0.005 for tension controlled behavior (ACI 10.3.4):

Oy = ——ccmax___ g (AC110.2.2)

Eemax + Esmin

Beam Design  2-7
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Figure 2-1 Rectangular Beam 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:

065<4 <085  (ACI10.2.7.3)

f! — 4000
=0.85-0.05) —<———— |
A ( 1000 j

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

2-8 Beam Design
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M

u

h y fy(d —ZJ

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

» |f a > 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=085f"ba,, (AC110.2.7.1)

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

M, = ¢C (d —amTan (AC1 9.3.2.1)

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

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

M
A = s , Where

T g(f,-085f")(d—d")

f' =E. {M} < f, (AC110.2.2,10.2.3, 10.2.4)
C

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

A, = M }

a

o0y

Beam Design  2-9
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and the tension reinforcement for balancing the compression reinforcement
is given by:

MUS
Ao = $f,(d—d")

Therefore, the total tension reinforcement is As = Aq + Asz, 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 if My is positive, and vice versa if My is negative.

25.1.2.2 Design of Flanged Beams

In designing a flanged beam, 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 ig-
nored. In that case, a simplified stress block similar to that shown in Figure 2-1
is assumed on the compression side.

s b 1 h ¢=0.003 0.85f/ 0.85f
r f ’ r f 4’4——‘
v <
V l d| fi C, \
AL~ + x—c,
C
d \
"__C,
oo ' z I I S
A - E T T,
b, =
() BEAM (1) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 2-2 T-Beam Design

2-10 Beam Design
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2.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

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

a=d—\/d2—ﬁ (ACI10.2)
' 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 &min,
which is equal to 0.005 for tension controlled behavior (ACI 10.3.4):

C., = gmg%md (ACI 10.2.2)
where,

Eomax = 0.003 (ACI10.2.3)

&min = 0.005 (ACI110.3.4)

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

Qmax = PriCinax (AC110.2.7.1)

where £ is calculated as:

065<4 <085 (ACI10.2.7.3)

f' — 4000
=0.85-0.05| ———— |,
A ( 1000 ]
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= |f a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in this case, the width
of the beam is taken as bs. 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, Ct, and the second part is for balanc-
ing the compressive force from the web, Cy, as shown in Figure 2-2. Cs is
given by:

C, =0.85f" (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,,, )
My =gC, | d ——— 2= (AC19.3.2.1)

Again, the value for ¢ is 0.90 by default. Therefore, the balance of the mo-
ment, My, to be carried by the web is:

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' ¢bh,

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

,A\52 =%, and
#1(e-3)
As=As + A

This reinforcement is to be placed at the bottom of the flanged beam.
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» If a; > ama, cOmpression reinforcement is required (ACI 10.3.5.1) and is
calculated as follows:

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

C,=085f"ha (ACI110.2.7.1)

C TwTmax

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

a
M, =C, (d - J¢
2
and the moment resisted by compression and tension reinforcement is:
Muys = Muw — Myc

Therefore, the compression reinforcement is computed as:

MUS

' = , Where
A= —0sst)(d-d) ¢
' Cmax _d,
fl= Esgcmax|: c }g f, (AC110.2.2,10.2.3,10.2.4)
max

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

MUC
Ay =t
fy| d - mac
o

and the tension reinforcement for balancing the compression reinforcement
is:

MLIS

ASS ) fy(d _d')¢
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The total tension reinforcement is As = As1 + As2 + Ass, and the total com-
pression reinforcement is A's. A is to be placed at the bottom and A's is to
be placed at the top.

2.5.1.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the minimum of the two following limits:

3y f
A, min = Max ~b,d, 200 b,d (ACI110.5.1)
| f, f,
4
As 2 § As(required) (AC| 1053)

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

A<
0.4b,d Flanged beam

> 0.4bd  Rectangular beam
*710.4b,d Flanged beam

{0.4bd Rectangular beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam 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.
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25.2.1 Determine Factored Shear Force

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load
combination 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 (ACI112.1.2,11.2.1.2,11.2.2.3)
A limit is imposed on the value of |/ f'_ as f ',< 100 (ACI 11.1.2)

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:

Vo, =V, +(8\/f7'c )bwd (ACI 11.4.7.9)

Given Vy, V¢, and Vimax, the required shear reinforcement is calculated as fol-
lows where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3). The flexural
reinforcement strength, fy, is limited to 60 ksi (ACI 11.5.2) even if the material
property is defined with a higher value.

= If V, <0.54V,,

Ay (ACI 11.5.6.1)
S

» If 0.50V, <V, <@V,

V, -¢V

A _ WV, —gV.) (ACI11.4.7.1,11.4.7.2)
S ¢ f,d

= If Vy > ¢Vmax, a failure condition is declared. (ACI111.4.7.9)
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If V, exceeds the maximum permitted value of ¢Vmax, the concrete section
should be increased in size (ACI 11.4.7.9).

Note that if torsion design is considered and torsion reinforcement is required,
the equation given in ACI 11.5.6.3 does not need to be satisfied independently.
See the subsequent section Design of Beam Torsion Reinforcement for details.

If the beam depth h is

h <10" for rectangular,
h <min {24", max(2.5hf gj for T-beam,

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

0.7544/ f'
A max[ =, SObW] (ACI 11.4.6.3)
vt

s fe

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

The beam 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.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, Ty.

= Determine special section properties.
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= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

25.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination fac-
tors (ACI 11.6.2).

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design T, is permitted to be reduced in accordance with the code
(ACI 11.6.2.2). However, the program does not automatically redistribute the
internal forces and reduce T.. If redistribution is desired, the user should re-
lease the torsional degree of freedom (DOF) in the structural model.

2.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Acp, Aoh, Ao, Pep, and P,
are calculated. These properties are described in the following (ACI 2.1).

A, = Areaenclosed by outside perimeter of concrete cross-section

Ao = Area enclosed by centerline of the outermost closed transverse
torsional reinforcement

A, = Gross area enclosed by shear flow path
pep = Outside perimeter of concrete cross-section

prn = Perimeter of centerline of outermost closed transverse torsional
reinforcement

In calculating the section properties involving reinforcement, such as Aon, Ao,
and py, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 1.75 inches. This is equiva-
lent to a 1.5 inch clear cover and a #4 stirrup. For torsion design of flanged
beam sections, it is assumed that placing torsion reinforcement in the flange ar-
ea is inefficient. With this assumption, the flange is ignored for torsion rein-
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forcement calculation. However, the flange is considered during Ter calcula-
tion. With this assumption, the special properties for a rectangular beam sec-
tion are given as:

Ap = bh (ACI11.5.1, 2.1)
A = (b—2c)(h-2c) (ACI11.5.3.1, 2.1, R11.5.3.6(b))
Ao = 0.85 Ao (ACI 11.5.3.6, 2.1)
P = 2b+2h (ACI11.5.1, 2.1)
pn = 2(b-2c) +2(h - 2c) (ACI 11.53.1, 2.1)

where, the section dimensions b, h, and ¢ are shown in Figure 2-3. Similarly,
the special section properties for a flanged beam section are given as:

Ap = buh + (br = bu)hi (ACI115.1,2.1)
Aon = (bw—2¢)(h - 2¢) (ACI115.3.1, 2.1, R11.5.3.6(b))
Ao = 0.85 Ao (ACI 11536, 2.1)
P = 2bs + 2h (ACI115.1, 2.1)
pr = 2(h-2c) + 2(bw - 2¢) (ACI1153.1, 2.1)

where the section dimensions by, bw, h, hy, and ¢ for a flanged beam are shown
in Figure 2-3. Note that the flange width on either side of the beam web is lim-
ited to the smaller of 4h; or (h —hy) (ACI 13.2.4).

2.5.3.3 Determine Critical Torsion Capacity

The critical torsion capacity, Ter, for which the torsion in the section can be
ignored is calculated as:

A N
T =g Jf" | 22| 14— v ACI 11.5.1
o =9 C(DCJ +4Ag/1 ’_f'c ( (©)

where A, and pep are the area and perimeter of the concrete cross-section as
described in the previous section, N, is the factored axial force (compression
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positive), ¢ is the strength reduction factor for torsion, which is equal to 0.75
by default (ACI 9.3.2.3), and f'. is the specified concrete compressive strength.

25.3.4 Determine Torsion Reinforcement

If the factored torsion Ty is less than the threshold limit, T, torsion can be
safely ignored (ACI 11.6.1). In that case, the program reports that no torsion
reinforcement is required. However, if T, exceeds the threshold limit, T, it is
assumed that the torsional resistance is provided by closed stirrups, longitudi-
nal bars, and compression diagonals (ACI R11.6.3.6). Note that the longitudi-
nal reinforcement strength, fy, is limited to 80 ksi (ACI 9.4) and the transverse
reinforcement strength, fy, is limited to 60 ksi, even if the material property is
defined with a higher value.

If Tu > Ter, the required closed stirrup area per unit spacing, A:/s, is calculated
as:

T,tan @
i =——— (AC111.5.3.6)
s g2Af,
and the required longitudinal reinforcement is calculated as:
T
A= —_LubPn (AC111.5.3.7,11.5.3.6)
¢2A,f, tan o

where, the minimum value of A:/s is taken as:

A_BDy (ACI 11.5.5.3)
s f,

and the minimum value of A, is taken as:

A :m—(ﬁ) ph(hJ (ACI 11.5.5.3)
f, S f,

In the preceding expressions, @ is taken as 45 degrees. The code allows any
value between 30 and 60 degrees (ACI 11.5.3.6).
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Figure 2-3 Closed stirrup and section dimensions for torsion design

An upper limit of the combination of V, and T, that can be carried by the sec-
tion is also checked using the equation:

2 2
V“ Tu ph Vc p
\/(bwd ] ’ [1.7A§h j <¢ (b 8T j (ACI 115.3.1)

w

For rectangular sections, by is replaced with b. If the combination of V, and T,
exceeds this limit, a failure message is declared. In that case, the concrete sec-
tion should be increased in size.

When torsional reinforcement is required (Ty > Ter), the area of transverse
closed stirrups and the area of regular shear stirrups must satisfy the following

limit.
f!
(i+ 2ij > max40.754 < bw,m (ACI 11.5.5.2)
S S fyt fy
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2.6

2.6.1

If this equation is not satisfied with the originally calculated A, /s and A:/s, Ay /s
is increased to satisfy this condition. In that case, A, /s does not need to satisfy
the ACI Section 11.4.6.3 independently.

The maximum of all of the calculated A; and A: /s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements considered by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal reinforcement requirements to satisfy spacing considerations must
be investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis, and a flexural de-
sign is carried out based on the ultimate strength design method (ACI 318-08)
for reinforced concrete as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the de-
sign of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

= Determine factored 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.

2.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

2.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.

2.6.1.3  Minimum and Maximum Slab Reinforcement

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

As min = 0.0020 bh for fy = 40 ksi or 50 ksi (ACI7.12.2.1(a))
Asmin = 0.0018 bh for f, = 60 ksi (ACI 7.12.2.1(h))
Asmin = 0'0018: 60000 1 for £, > 60 ksi (ACI 7.12.2.1(c))

y
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2.6.2

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.

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 sections.

2.6.2.1  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 concen-
trated loads, the critical area is taken as a rectangular area with the sides paral-
lel to the sides of the columns or the point loads (ACI 11.11.1.3). Figure 2-4
shows the auto punching perimeters considered by SAFE for the various col-
umn 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
/TN 1
,/’ >~ d/2 d/2 //\7_ \\

/’_\\
P ~
N
/
7
j\:_\,\
.
Pd
7
—— —— —

Circular Column T-Shape Column L-Shape Column

Figure 2-4 Punching Shear Perimeters
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2.6.2.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be y; M,
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be » M.

7 (ACI 13.5.3.2)

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

=1- 1
o 1+(2/3) I, /1,

(ACI 421.2 C-11)

(ACI 421.2 C-12)

1
T =1_1+(2/3)\/W

For edge columns,
#x = same as for interior columns (ACI 421.2 C-13)
1

Yo T L @i, —02

¥y =0when I, /I, <0.2

(ACI 421.2 C-14)

For corner columns,
#%x=0.4 (AC1421.2 C-15)
%y = same as for edge columns (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.
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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 per-
pendicular to the span. The values Iy and Iy are the projections of the shear-
critical section onto its principal axes, x and y, respectively.

2.6.2.3 Determine Concrete Capacity

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

foet e

c

v, =min ¢(2+O§dj,1 fr (ACI 11.11.2.1)

0

N

where, S is the ratio of the maximum to the minimum dimensions of the criti-
cal 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, =130 for edge columns, and (ACI11.11.2.1)
20  for corner columns.

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

Jf' <100 (ACI 11.1.2)

2.6.2.4 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.
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V. = \A " 7/V2[Mu2 -V (Ye, - Y1)][|33(y4 - Y3) - |23(X4 ~ Xs)] _
Y bod

|22|33 - |232
7V3[MU3 =V (X5 = XI55 (X, = X5) = 155 (Y, — ¥5)]

2
|22|33_|23

Eq. 1

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

sides =1

for punching shear Eq. 2

n
;= Z I,;, 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,,,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 2-5.

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

to the 2-axis Eqg. 5a
3 3
I, = % + i—; +Ld(y, — ys)?, for the side of the critical section
parallel to the 3-axis Eg. 5b
3 3
[P =% + dl—; +Ld(x, — X5)?, 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
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to the 3-axis Eqg. 6b

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

o ] L Coordinates are (X,,Y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;). s mmm wA\—L
2
y2 - Y3

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 YRRy
critical section for ~ T——| 273

punch?ng shear. I Center of side of critical
Coordinates are (X5,Ys). —,\/section being considered.
IL—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 2-5 Shear Stress Calculations at Critical Sections

ls = Ld (X, — X3)(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
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My =

Muz =

2.6.2.5

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

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 punch-
ing 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
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2.6.3

as the punching shear capacity ratio by SAFE. If this ratio exceeds 1.0, punch-
ing shear reinforcement is designed as described in the following 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 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
described in the subsections that follow.

2.6.3.1 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 (ACI11.11.3.1)
v, < @31,/ f', for shear studs (ACI 11.11.5.1)

2.6.3.2 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/ . bod for shear studs (ACI11.11.5.1)

Given Vy, V¢, and Vimax, the required shear reinforcement is calculated as fol-
lows, where, ¢, the strength reduction factor, is 0.75 (ACI1 9.3.2.3).
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VvV —
A = M (ACI111.4.7.1,11.4.7.2)
S ¢t,.d
2\f'b
A > % for shear studs (ACI 11.11.5.1)
S
y
» |f Vy > ¢Vmax, a failure condition is declared. (ACI11.11.3.2)

= |f V, exceeds the maximum permitted value of ¢#Vmax, the concrete section
should be increased in size.

2.6.3.3 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 2-6 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 N peripheral line
studs shown) —l_ of studs N— of studs Eree
- - edge
—y, & d/2 T I u / d/2 |
W K A 9 |

2-30 Sl

=1 — X X gx
. Critical | d/2
i section
o, 4 centroid  Free /| P ZANS
- oo edge wZa X )
Free edge /| |x\>/ Cnltical section
—V‘— —'\,— centroid
le——1
Interior Column Edge Column Corner Column

Figure 2-6 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

ab Design
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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 col-
umns respectively.

2.6.3.4 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-, 1/2-, 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 adja-
cent 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)

3 {0.75(1 for v, <6gA\[f]
S<

(ACI 11.11.5.2)
0.50d for v, >6¢4./f,

g < 2d (ACI 11.11.5.3)
The limits of s, and the spacing, s, between for the links are specified as:

s, < 0.5d (ACI 11.11.3)

5 <0.50d (ACI 11.11.3)
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Chapter 3
Design for AS 3600-01

3.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the Australian code AS 3600-2001 [AS
2001] is selected. Various notations used in this chapter are listed in Table 3-1.
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 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 3-1 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?

3-1
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Table 3-1 List of Symbols Used in the AS 3600-2001 Code

Asc

Ast
As(required)
Asv
Asv,min
As /s
Asuls

At

dp

amax

dom

D

Ds
Ec
Es

c

f 'cf

3-2 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 3-1 List of Symbols Used in the AS 3600-2001 Code

fov

&

&, 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 beam, 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 A¢, 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 3-1 List of Symbols Used in the AS 3600-2001 Code

& Strain in reinforcement

¢ Strength reduction factor

a Angle of compression strut for torsion, degrees
2 Angle of compression strut for shear, 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 AS 3600-01, 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 re-
versible, 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 SAFE 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.

3-4  Design Load Combinations
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3.3

3.4

3.5

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).

SAFE enforces the upper material strength limits for flexure and shear design
of beams and slabs or for torsion design of beams. The input material strengths
are taken as the upper limits if they are defined in the material properties as be-
ing greater than the limits. The user is responsible for ensuring that the mini-
mum 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(0))
¢ =0.70 for shear and torsion (AS 2.3(0))

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

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the text that follows. The reinforcement requirements are calculated at each
station along the length of the beam.

Limits on Material Strength ~ 3-5
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351

3-

6

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

3.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases with the corre-
sponding load factors.

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

3.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added

Beam Design
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when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user has the option of avoiding compression re-
inforcement 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 3-1 (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

concerned, 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, = 7K, d  where, (AS 8.1.3)
y =[0.85-0.007(f',—28)|

0.65<y<0.85 (AS 8.1.2.2)
ke = 0.4

The design procedure used by SAFE for both rectangular and flanged sections
(L- and T-beams) is summarized in the following subsections. It is assumed
that the design ultimate axial force does not exceed (Asfsy > 0.15N") (AS
10.7.1a); hence, all beams are designed for major direction flexure, shear, and
torsion only.
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3.5.1.2.1 Design of Rectangular Beams

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,

2M”
a=d —\/d2 _OSLW (AS8.1.2.2)

£=0.003 0.85f/

-« P = [EE— -

e

o p 4
A
0

¢ a=yk,d

d
® ® L, >
| T T
J %—>~ &g s cs
A
(I) BEAM (Il) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 3-1 Rectangular Beam 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.

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

*

Ast =M—a
¢fsy(d _2}
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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 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=085f"ba,_ (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:

M us M T M uc
The required compression reinforcement is given by:

Mys

wh
o085 )(d—d)g

AT

£/ =0.003E, {C_d }s f, (AS8.1.2.1,6.2.2)
C

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

M

uc

Asl =
amax
Jo-oT

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

Ap=——"—"
f, (d—d")¢

Therefore, the total tension reinforcement is Ass = As + As2, and the total

compression reinforcement is Asc. As: is to be placed at the bottom and As is

to be placed at the top if M” is positive, and vice versa if M" is negative.

3.5.1.2.2 Design of Flanged Beams

In designing a flanged beam, 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 ig-
nored. In that case, a simplified stress block similar to that shown in Figure 3-1
is assumed on the compression side (AS 8.1.3).

£=0.003

l« ) H'—ﬂ 085f, | | 085f;
- § I e
Z e [T
d| f C )
Ao 1 a=ykd| ~—Ci
d \

|
|

M/ LI L.
-

A & T T T,
b, -
() BEAM (Il) STRAIN (Ill) STRESS
SECTION DIAGRAM DIAGRAM

Figure 3-2 T-Beam Design
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3.5.1.2.2.1 Flanged Beam 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 beam data is used.

3.5.1.2.2.2 Flanged Beam 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:

8., = /K, d where, k, = 0.4 (AS8.1.3)

= If a < Ds, the subsequent calculations for A are exactly the same as previ-
ously defined for the rectangular beam design. However, in that case, the
width of the beam is taken as b:. Compression reinforcement is required
when a > amax.

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

C, =0.85f" (b, —b, )xmin(D,,a,,, ) (AS 8.1.2.2)
Cf - * - - -
Therefore, A, :f— and the portion of M" that is resisted by the flange is
sy
given by:
min(D,,a,,,,
=0, 402

Therefore, the balance of the moment, M" to be carried by the web is:
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I\/Iuw =M" - Muf

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

oM
_d— fg7——2Mw
% \/ 0.85f ¢ b,

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

A§2 :Lai, and
h(o-3)
Av=Agt+ A,

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

= If a1 > amax, COmpression reinforcement is required and is calculated as fol-
lows:

The compression force in the web concrete alone is given by:

C,=0.85f"b,a,., (AS8.1.2.2)
Therefore the moment resisted by the concrete web and tension reinforce-
ment is:

a
M, =C,ld-——%
uc W( 2 ]¢

and the moment resisted by compression and tension reinforcement is:
M us M uw M

uc

Therefore, the compression reinforcement is computed as:
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MUS
= , Where
e = —0851,)(d-d)g
' Crnax -d’
f. =0.003E, <fy (AS8.1.2.1,6.2.2)
Cmax

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

M

uc

&2 =
amax
A=

and the tension reinforcement for balancing the compression reinforcement
is:

MUS
A= i (d-d)¢

The total tensile reinforcement is Ast = As1 + As» + Ags, and the total com-
pression reinforcement is Asc. Ast is to be placed at the bottom and Asc is to
be placed at the top.

3.5.1.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the following limit:

2 fy

Ast min =0-22(%J “bd, where (AS 8.1.4.1)
sy

fr.=0.64f" (AS6.1.1.2)

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:
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3.5.2

- 0.04bd Rectangular beam
"~ 10.04b,d  Flanged beam

- 0.04bd Rectangular beam
°710.04b,d  Flanged beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam 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.

3.5.2.1 Determine Shear Force

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

3.5.2.2 Determine Concrete Shear Capacity

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

1
Vie =ﬂ1ﬂ2ﬂ3bwd{ﬁ“d } (AS 8.2.7.1)

where,
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d
=1.416-——|>11 AS8.2.7.1
po-rfLo-1ls ] (as8271)
B2=1,0r (AS 8.2.7.1)
=1- 3';' ] > 0 for members subject to significant axial tension, or
! g

*

N . - . .
=1+ @ for members subject to significant axial compression.

3.5.2.3 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 V<@V, /2,

Ay =0, if D <750 mm; otherwise Asv.min Shall be provided. (AS 8.2.5).
s

= If (Ve 12) <V <V i

Ay =0, 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¢V

u.max
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3.5.3

V-V,
ﬁzgi (AS 8.2.10)
s ¢fy¢d,coto,
and greater than Ay min, defined as:
Avmn _[ 35 L (AS 8.2.8)
S fo s

6, = the angle between the axis of the concrete compression strut and the
longitudinal 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).

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
combination is reported along with the controlling shear force and associated
load combination.

The beam 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 in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, T".
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= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

3.5.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination fac-
tors.

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design T" is permitted to be reduced in accordance with the code (AS 8.3.2).
However, the program does not automatically redistribute the internal forces
and reduce T". If redistribution is desired, the user should release the torsional
degree of freedom (DOF) in the structural model.

3.5.3.2 Determine Special Section Properties

For torsion design, special section properties such as At, Ji, and ut are calculat-
ed. These properties are described in the following (AS 8.3).

A: = Area of a polygon with vertices at the center of longitudinal bars at
the corners of the cross-section
ur = Perimeter of the polygon defined by A;

J; = Torsional modulus

In calculating the section properties involving reinforcement, such as Asw/s and
A, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 50 mm. This is equivalent
to 38-mm clear cover and a 12-mm-diameter stirrup. For torsion design of
flanged beam sections, it is assumed that placing torsion reinforcement in the
flange area is inefficient. With this assumption, the flange is ignored for torsion
reinforcement calculation. However, the flange is considered during Ty calcu-
lation. With this assumption, the special properties for a rectangular beam sec-
tion are given as:
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At = (b-2c)(h-2c), (AS 8.3.5)
e = 2(b-2c)+2(h-2c), (AS 8.3.6)
Jo = 04xy (AS 8.3.3)

where, the section dimensions b, h and, ¢ are as shown in Figure 3-3. Similarly,
the special section properties for a flanged beam section are given as:

A = (bW—Zc)(h—ZC), (AS 8.3.5)
U = 2(h-2.)+2(b, —2,), (AS 8.3.6)
J = 043Xy (AS 8.3.3)

where the section dimensions by, h, and ¢ for a flanged beam are as shown in
Figure 3-3. The values x and y refer to the smaller and larger dimensions of a
component rectangle, respectively.

%C{—b—ZC—}C{— L ‘7bef4>
: :
c
h—2c h h h—2c
l o 0 J
c J C__O B
$
b b, —2¢¢
<« b,—»
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 3-3 Closed stirrup and section dimensions for torsion design
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3.5.3.3 Determine Torsion Reinforcement

The torsional strength of the section without torsion reinforcement, T, is cal-
culated as:

T,=03J./f! (AS 8.3.5)

where J; is the torsion modulus of the concrete cross-section as described in de-
tail in the previous section.

Torsion reinforcement also can be ignored if any of the following is satisfied:

T <0.254T,, (AS 8.3.4(a)(1))
;r_;+¢\\’/_; <05 (AS 8.3.4(a)(ii)
L+L <1 and D < max(250mm, b/2) (AS 8.3.4(a)(iii))
¢-I-UC ¢Vuc

If the factored torsion T" alone or in combination with V" does not satisfy any
of the three conditions in the preceding description, torsion reinforcement is
needed. It is assumed that the torsional resistance is provided by closed stirrups
and longitudinal bars (AS 8.3).

= If T" > Te, the required closed stirrup area per unit spacing, As /s, is calcu-
lated as:

Ay T tant (AS 8.3.5(b))
S ¢2 fsy.f A[
where, the minimum value of Asw /s is taken as follows:
Asumi = 0.35D, (AS 8.2.8)
S fsy.f

The value 6 is the angle between the axis of the concrete compression strut and
the longitudinal axis of the member, which varies linearly from 30 degrees
when T" = ¢T,c to 45 degrees when T = ¢Ty max.
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The following equation shall also be satisfied for combined shear and torsion
by adding additional shear stirrups.

* *

LY <10 (AS 8.3.4(b))
¢-I-US ¢\/US
where,
T ="fys (MJZA[ coté, (AS 8.3.5(b))
S
V,, = (A, f,,.d,/s)coté, (AS 8.2.10(a))

The required longitudinal rebar area is calculated as:

0.5f, [Asswjut cot’ 6,

A = f (AS 8.3.6(a))

sy

An upper limit of the combination of V* and T" that can be carried by the sec-
tion is also checked using the equation:

* *

T \Y
+

<1.0 (AS 8.3.3)
Plumx Mumex
where,
Vimx =0.2F':b,d, (AS 8.2.6)
Tomax =027, (AS 8.3.5(a))

For rectangular sections, by is replaced with b. If the combination of V" and T"
exceeds this limit, a failure message is declared. In that case, the concrete sec-
tion should be increased in size.

When torsional reinforcement is required (T > Tc), the area of transverse
closed stirrups and the area of regular shear stirrups satisfy the following limit.
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3.6

3.6.1

(Ass zAst 0f35b (AS83.7,8.2.8)

sy. f

If this equation is not satisfied with the originally calculated As /s and Asw/s,
As /s is increased to satisfy this condition. In that case, As /s does not need to
satisfy AS Section 8.2.8 independently.

The maximum of all the calculated A, and Asw/s values obtained from each load
combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements
and longitudinal rebar requirements to satisfy spacing considerations must be
investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is carried out based on the ultimate strength design method (AS 3600-
2001) for reinforced concrete, as described in the following sections. To learn
more about the design strips, refer to the section entitled "Design Strips" in the
Key Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
displacement vectors. These moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

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

These two steps, which are described in the following subsections, 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 numbers, is obtained and reported.

3.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

3.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.

3.6.1.3 Minimum and Maximum Slab 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
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3.6.2

(AS 9.1.1(h))

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.

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.

3.6.2.1 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 3-4 shows the
auto punching perimeters considered by SAFE 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
VAN T ™
RN d/2 N \
/,’ N d/2 y 4 N I N d/2
! \ / \ : A
\ ] [} | ] |
\ ! | | | |
N\ y ! : ! I
\\\_',// [ A | !_ __________ :
Circular Column T-Shape Column L-Shape Column
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3.6.3

Figure 3-4 Punching Shear Perimeters

3.6.2.2 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+i}/f—;
f_, =min B

h

(AS 9.2.3(3))
0.34,/f/

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

3.6.2.3 Determine Maximum Shear Stress

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

v = 104 M (AS 9.2.4(a)
ud,,, 8V ad,,

3.6.2.4 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 SAFE. 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. SAFE uses the NZS 3101-06 guidelines to design shear studs or
shear links.
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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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
carried out as described in the subsections that follow.

3.6.3.1 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.

3.6.3.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of:
Viax = 3 Vu,min =3*V, (AS 92.2.4(3), (d))

where V, is computed from AS 9.2.3 or 9.2.4. Given V*, V,, and Vy,max, the re-
quired shear reinforcement is calculated as follows, where, ¢ is the strength re-
duction factor.

Ay M (AS 8.2.10)

S foydom

Minimum punching shear reinforcement should be provided such that:

V, Z%Jf ‘ud,, (NZS 12.7.4.3)
= If V' > ¢V max, 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.
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3.6.3.3 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 3-5 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 col-
umns respectively.

Typical Studrail Outermost Out_ermost _
(only first and last peripheral line L\ peripheral line
studs shown) of studs N of studs Eree
-_,—1- - /2 - / edge
, / ‘a d/2 l, |
4 9 !
|
= =
| I *. | x— TR O I‘_| |
= Critical 3y d/2
N .
\
AY : _
i

section [/ /
centroid FreE_/Q___ AN\
edge Y7 N
) Ix\>/ c
—

rltical section
centroid

Interior Column Edge Column Corner Column

Figure 3-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

3.6.3.4 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
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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, be-
tween 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 4
Design for BS 8110-97

4.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE 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 4-1. 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 4-1 List of Symbols Used in the BS 8110-1997 Code

Aq Gross area of cross-section, mm?
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Table 4-1 List of Symbols Used in the BS 8110-1997 Code

Ai
As
A's
Asy
Asvi

Asv /Sy

by

bw

4-2 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?
Total cross-sectional area of closed links for torsion, mm?
Area of shear reinforcement per unit length, mm%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 beam, 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 at 28 days, MPa

Stress in the compression reinforcement, MPa
Characteristic strength of reinforcement, MPa
Characteristic strength of shear reinforcement, MPa

Overall depth of a section in the plane of bending, mm
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Table 4-1 List of Symbols Used in the BS 8110-1997 Code

hy
hmin

h max

K

Kl

ka
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, NZIU
bd“f

cu

. M . . .
Maximum W Y 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 beam, N-mm
Spacing of the links along the length of the beam, 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 beam cross-section or at a punching criti-
cal section, MPa

Design concrete shear stress capacity, MPa

Maximum permitted design factored shear stress, MPa
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Table 4-1 List of Symbols Used in the BS 8110-1997 Code

Vi
X

Xbal

Do

Jm
&

&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

4.2  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
obtained 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 considered (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

4-4 Design Load Combinations

(BS 2.4.3)

(BS 2.4.3)
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4.3

4.4

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 SAFE 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). SAFE does not enforce this limit for flexure and shear design of
beams and slabs or for torsion design of beams. The input material strengths
are used for design even if they are outside of the limits. It is the user's respon-
sibility 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, ym. The val-
ues of ym used in the program are listed in the following table, as taken from BS
Table 2.2 (BS 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 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
necessary. Changes to the partial safety factors are carried through the design
equations where necessary, typically affecting the material strength portions of
the equations.
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4.5

451

4-

6

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the subsections that follow. The reinforcement requirements are calculated at
each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

4511 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

The beam is then designed for the maximum positive and maximum negative
factored moments obtained from all of the load combinations. Calculation of
bottom reinforcement is based on positive beam moments. In such cases, the
beam may be designed as a rectangular or flanged beam. Calculation of top re-

Beam Design
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inforcement is based on negative beam moments. In such cases, the beam is
always designed as a rectangular or inverted flanged beam.

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 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 4-1 (BS 3.4.4.4). Furthermore, it is assumed that moment redistribu-
tion in the member does not exceed 10% (i.e., B > 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 rein-
forcement is calculated assuming that the neutral axis depth remains at the
maximum permitted value.

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams) is summarized in the subsections that follow. It is assumed
that the design ultimate axial force does not exceed (0.1f., Ag) (BS 3.4.4.1);
hence, all beams are designed for major direction flexure, shear, and torsion
only.

4.5.1.2.1 Design of Rectangular Beams

For rectangular beams, the limiting moment capacity as a singly reinforced
beam, Msingee, IS first calculated for a section. The reinforcement is determined
based on M being greater than, less than, or equal to Msingie. See Figure 4-1.

= Calculate the ultimate limiting moment of resistance of the section as singly
reinforced.

Mesingle = K'feu bdz, where (BS 3444)

K'=0.156
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Figure 4-1 Rectangular Beam Design

= If M < Msingie, the area of tension reinforcement, As, is given by:

M
—— . wh BS 3.4.4.4
A 0.87f,z where ( )
/ K
7= d(0.5+ 0.25—5} <0.95d (BS 3.4.4.4)
M
K=—— BS 3.4.4.4
f_bd? ( )

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

= If M > Misingle, cOMpression reinforcement is required and calculated as fol-
lows:
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M — M,
single (BS 3.4.4.4)

A =
(f,s_0.67fcuj(d_d-)

Ve

where d' is the depth of the compression reinforcement from the concrete
compression face, and

f'.=0.87f, if d/<—{1—%} (BS 3.4.4.1, 2.5.3, Fig 2.2)

, 24 g4 f,
f'.=E.|1-—| if OI>— 1-—L | (BS3.4.4.1,25.3, Fig 2.2)
d 2 800

The tension reinforcement required for balancing the compression in the
concrete and the compression reinforcement is calculated as:

Iv'single n IVI_Msingle
0.87f,z 0.87f,(d-d')

:d(0.5+ ‘/0'25_%}0'77” (BS 3.4.4.4)

4.5.1.2.2 Design of Flanged Beams

A = , Where (BS 3.4.4.4)

451221 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

45.1.2.2.2 Flanged Beam Under Positive Moment

With the flange in compression, the program analyzes the section by consider-
ing 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 rectangular beam of width b.
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If the stress block extends beyond the flange depth, the contribution of the web
to the flexural strength of the beam is taken into account. See Figure 4-2.

| . ¢ =0.0035 BTy, 06T fufy
_——
y ;d'_ £ C )
A - T : N
X
d \
l '\—/ Cw
' > - e
A, fL SRS T, Ty T
bw =]
(1) BEAM (i) STRAIN (i) STRESS
SECTION DIAGRAM DIAGRAM

Figure 4-2 Design of a T-Beam Section

Assuming the neutral axis to lie in the flange, the normalized moment is given
by:

M

(BS 3.4.4.4)
fw fub,d*

Then the moment arm is computed as:

=d {0.5 +.0.25— f—g} <0.95d (BS 3.4.4.4)

the depth of the neutral axis is computed as:

(BS 3.4.4.4)

045

and the depth of the compression block is given by:
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a=0.9x (BS 3.4.4.4)

If a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in that case, the width
of the beam is taken as bs. Compression reinforcement is required when K >
K.

If a > hy, when M < S feubd? and hy < 0.45d, then

M +0.1f,bd(0.45d ~hy )

, wh BS3.4.45

0.87f,(d—0.5h) e ( )
he(. b h, b

By =045—|1-—* | 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 balanc-
ing the compressive force from the web, Cy, as shown in Figure 4-2.

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:
M,=M-M,

and the normalized moment resisted by the web is given by:

K= —Mu__ (BS 3.4.4.4)

b, d?

If Kw <0.156 (BS 3.4.4.4), the beam is designed as a singly reinforced con-
crete beam. 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; w

= + , Where
0.87f,(d—05h,) 0871,z

A
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z=d{ 0.5+ 0.25—& <0.95d
\ 0.9

= If Ky > K' (BS 3.4.4.4), compression reinforcement is required and is calcu-
lated as follows:

The ultimate moment of resistance of the web only is given by:
M,, =K'fb,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 = M = My, (BS 3.4.4.4)

[f;—%”wj(d—d')

Ve

where, d’ is the depth of the compression reinforcement from the concrete
compression face, and

: f
', =087f, if 4/ s%{l—%} (BS 3.4.4.1, 2.5.3, Fig 2.2)

2d'] .. 4/ 1 f .
f' =Eg |1-|if d/ > 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:

— My n My n M, — My,
0.87f,(d-05h,) 087f(0.777d) 0.87f,(d-d")

A

45.1.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the following table, which is taken from BS Table 3.25 (BS 3.12.5.3)
with interpolation for reinforcement of intermediate strength.
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Minimum percentage

compression

w

Definition of
Section Situation percentage fy =250 MPa | fy = 500 MPa
AS
Rectangular — 100 — 0.24 0.13
bh
by <0.4 100 A
T- or L-Beam b, b, h 0.32 0.18
with web in .
tension A
—*>04 100 S 0.24 0.13
b, b,h - :
T-Beam with A
web in — 100 — 0.48 0.26
compression bwh
L-Beam with A

The minimum flexural compression reinforcement, if it is required, provided in
a rectangular or flanged beam is given by the following table, which is taken

from BS Table 3.25 (BS 3.12.5.3).

w

Definition of Minimum
Section Situation percentage percentage
| 100 A; 0.20
Rectangular — 0 .
d bh
A,
Web in tension 100 b.h 0.40
il
T-or L-Beam .
AS
Web in compression 100 b h 0.20

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows

(BS 3.12.6.1):

Beam Design
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452

4-

14

<

0.04bd Rectangular beam

{0.04de Flanged beam
0.04bd Rectangular beam
{0.04bwd Flanged beam

A; <

s =

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam 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.

4521 Determine Shear Stress

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam station are obtained by factoring the corre-
sponding 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 /., , 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)

Beam Design
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452.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:

Vi, =v,+0.6 NVh <V, 1+l (BS 3.4.5.12)
AV,
b Y
v, = 079K kzks (100& j [400) (BS 3.4.5.4, Table 3.8)
Vm bd d
ky is the enhancement factor for support compression,
and is conservatively taken as 1 (BS 3.4.5.8)

£,)% 40

ko= | 2| 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:

0.15< % <3 (BS 3.4.5.4, Table 3.8)

400\ . .
T > 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.

45.2.3 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<(v'e +0.4),
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A _ Ooé‘;bfw (BS 3.4.5.3, Table 3.7)
S .

v yw

= If (v +0.4) <V < Vinay,

V-V

A _vovo, (BS 3.4.5.3, Table 3.7)
S, 0.87f,

= If v > vmax, a 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.

The beam 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 in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the torsional shear stress, v.
= Determine special section properties.
= Determine critical torsion stress.

= Determine the torsion reinforcement required.

Note that this section refers to BS 8110-2:1985 instead of BS 8110-1997 code.

Beam Design
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45.3.1 Determine Torsional Shear Stress

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination fac-
tors.

In typical framed construction, specific consideration of torsion is not usually
required where torsional cracking is adequately controlled by shear reinforce-
ment. If the design relies on the torsional resistance of a beam, further consid-
eration should be given using the following sections (BS 8110-2:85 3.4.5.13).

The torsional shear stress, v, for a rectangular section is computed as:

_ 2T
hr%in (hmax - hmin /3)

v, (BS 8110-2:85 2.4.4.1)

For flanged sections, the section is considered as a series of rectangular seg-
ments and the torsional shear stress is computed for each rectangular compo-
nent using the preceding equation, but considering a torsional moment attribut-
ed to that segment, calculated as:

3
T =T M (BS 8110-2:85 2.4.4.2)
Z(hminhmax)
hmax = Larger dimension of a rectangular section

hmin

Smaller dimension of a rectangular section

If the computed torsional shear stress, vi, exceeds the following limit for sec-
tions with the larger center-to-center dimension of the closed link less than 550
mm, a failure condition is generated:

v, <min(0.8,/f,, ,5N/mm?) x% (BS 8110-2:85 2.4.5)

45.3.2 Determine Critical Torsion Stress

The critical torsion stress, vimin, for which the torsion in the section can be ig-
nored is calculated as:
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Vimin = Min(0.067,/f,, 0.4N/mm* (BS 8110-2:85 2.4.6)

where fe, is the specified concrete compressive strength.

For light-weight concrete, v min is defined as:

V, o =MIN{0.067 ,0.AN/mm~ ) x 0. -2: .
e min =Min(0.067,/f,, ,0.4N/mm?)x 0.8 BS 8110-2:855.5

45.3.3 Determine Torsion Reinforcement

If the factored torsional shear stress, v: is less than the threshold limit, vmin, tor-
sion can be safely ignored (BS 8110-2:85 2.4.6). In that case, the program re-
ports that no torsion reinforcement is required. However, if vy exceeds the
threshold limit, vimin, it is assumed that the torsional resistance is provided by
closed stirrups and longitudinal bars (BS 8110-2:85 2.4.6).

If vi > vimin the required closed stirrup area per unit spacing, Asv: /Sy, is calculat-
ed as:

A _ T
s, 0.8xy,(087f,,)

\

(BS 8110-2:85 2.4.7)

and the required longitudinal reinforcement is calculated as:

_ Ay fyv(xl + yl)
s, f,

A

(BS 8110-2:85 2.4.7)

In the preceding expressions, X is the smaller center-to-center dimension of the
closed link, and y; is the larger center-to-center dimension of the closed link.
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Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 4-3 Closed stirrup and section dimensions for torsion design

An upper limit of the combination of v and v; that can be carried by the section
is also checked using the equation:

VY, < min(0.8 fou, 5N/mm2) (BS 8110-2:85 2.4.5)

For light-weight concrete, vmax is defined as:
Vmax = Min(0.63 ./, , 4 MPa) (BS 8110-2:85 5.4)

If the combination of shear stress, v, and torsional shear stress, vi, exceeds this
limit, a failure message is declared. In that case, the concrete section should be
increased in size.

The maximum of all of the calculated A, and Asvt/Sy values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.
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Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is completed based on the ultimate strength design method (BS 8110-97)
for reinforced concrete, as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. These moments will always be in static equilibrium with the
applied loads, irrespective of the refinement of the finite element mesh.

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

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

These two steps are described in the subsections that follow and 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.

4.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

Slab Design
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4.6.2

4.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.

4.6.1.3 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).

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.

4.6.2.1 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
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loads (BS 3.7.7.1). Figure 4-4 shows the auto punching perimeters considered
by SAFE for the various column shapes. The column location (i.e., interior,
edge, corner) and the punching perimeter may be overwritten using the Punch-
ing Check Overwrites.

Interior Column Edge Column Corner Column
N T o
AT TS 1.5d \
P ~ 15d__sp N ! ~ 15d
/ A / AN I
H \ ’ \ | .
| \ | ] | |
\ ] | | | |
\ / | | | |
\\ / : : : I
ST L ¥ o ___1 ¥ ___ I
Circular Column T-Shape Column L-Shape Column

Figure 4-4 Punching Shear Perimeters

4.6.2.2 Determine Concrete Capacity
The concrete punching shear factored strength is taken as (BS 3.7.7.4, 3.7.7.6):

L _ 079Kk, (100Ag ]% (4ooj%
oy bd d

(BS 3.4.5.4, Table 3.8)

ky is the enhancement factor for support compression,

and is conservatively taken as 1 (BS 3.4.5.8)
%
f 40
ke=|=2| ,1<k<|— (BS 3.4.5.4, Table 3.8)
25 25
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ym=1.25 (BS 3.4.5.2)

However, the following limitations also apply:

100 A
0.15< > <3 (BS 3.4.5.4, Table 3.8)
400\ . .
T > 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.

4.6.2.3 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
Vet x =V T+ % (BS 3.7.6.2, 3.7.6.3)
L5M,,
Vet y =V| T+ (BS 3.7.6.2,3.7.6.3)
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eff \x
ud
V. = Max (BS3.7.7.3)
eff ,y
ud
where,

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 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=<1.25 for edge columns (BS 3.7.6.2, 3.7.6.3)
1.25 for corner columns

4.6.2.4  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 SAFE. 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 reinforcement is not designed and the slab thickness should be increased
by the user.

Slab Design
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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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
carried out as explained in the subsections that follow.

4.6.3.1 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.

4.6.3.2 Determine Required Shear Reinforcement

The shear stress is limited to a maximum of:
Vimax = 2V (BS 3775)

Given v, v, and Vmax, the required shear reinforcement is calculated as follows
(BS 3.7.7.5).

= Ifv<1.6ve,
A (vov)ud | 04ud (BS 3.7.7.5)
s 087f, 087f,
= If 1.6vc.<v<2.0v,
5(0.7v-v, )ud
A _5(07v-vo)ud | 0dud (BS 3.7.7.5)
S 0.87 f,, 0.87 f,,
= If v > vinax, a 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.

4.6.3.3 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 4-5 shows a typical arrangement of
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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).

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 col-
umns respectively.

Typical Studrail Outermost Outermost

(only first and last peripheral line ) peripheral line
studs shown) of studs N— of studs
- = zé d/2 — /j

4-26

Critical
section
R centroid  Free /| ANN
edge y:
Free edge _/ I Criltical section
M —'\,— centroid
Interior Column Edge Column Corner Column

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

4.6.3.4 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 diame-
ter of the flexural reinforcement.
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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 so and the spacing, s, between the peripheral lines are
specified as:

So< 0.5d (BS 3.7.7.6)
s< 0.75d (BS 3.7.7.6)
g< 1.5d (BS 3.7.7.6)
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Chapter 5
Design for CSA A23.3-04

5.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the Canadian code CSA A23.3-04 [CSA 04]
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 pre-
fix “CSA” followed by the section number is used.

The design is based on user-specified load 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 5-1 List of Symbols Used in the CSA A23.3-04 Code

Ac Area enclosed by outside perimeter of concrete cross-section, sq-
mm
Act Area of concrete on flexural tension side, sg-mm
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Table 5-1 List of Symbols Used in the CSA A23.3-04 Code

A
Ao
th

As
A's
As(required)

At/S

Ay
Avls

ap
by
bw

bo
bs

b,

Cob

dv

hs
Ec

5-2 Notations

Area of longitudinal reinforcement for torsion, sq-mm
Gross area enclosed by shear flow path, sq-mm

Area enclosed by centerline of outermost closed transverse tor-
sional reinforcement, sq-mm

Area of tension reinforcement, sq-mm
Area of compression reinforcement, sg-mm
Area 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, sq-mm

Avrea 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 5-1 List of Symbols Used in the CSA A23.3-04 Code

Es
f'e
f's

Sz

Ts

Ve

V' max
Vi

Vs

a

y7i
be

&

&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 length of the beam,
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
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5.2

5-4

Table 5-1 List of Symbols Used in the CSA A23.3-04 Code

&

X >SS

A

Longitudinal strain at mid-depth of the section

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

Design Load Combinations

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

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 A23.3-04, 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 re-
versible, the following load combinations may need to be considered (CSA
8.3.2, Table C.1)

(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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5.3

5.4

0.9D + 1.5S £ 0.4W

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 SAFE 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 (CSA8.5.1)

SAFE enforces the upper material strength limits for flexure and shear design
of beams and slabs or for torsion design of beams. The input material strengths
are taken as the upper limits if they are defined in the material properties as be-
ing greater than the limits. The user is responsible for ensuring that the mini-
mum strength is satisfied.

Strength Reduction Factors

The strength reduction factors, ¢, are material dependent and defined as:
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¢ = 0.65 for concrete (CSA84.2)
¢ = 0.85 for reinforcement (CSA 8.4.3a)

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

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the subsections that follow. The reinforcement requirements are calculated at
each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement
55.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
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factoring the corresponding moments for different load cases with the corre-
sponding load factors.

The beam is then designed for the maximum positive and maximum negative
factored moments obtained from all of the load combinations. Positive beam
moments produce bottom reinforcement. In such cases the beam may be de-
signed as a rectangular or flanged beam. Negative beam moments produce top
reinforcement. In such cases, the beam may be designed as a rectangular or in-
verted flanged beam.

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 re-
inforcement 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 5-1 (CSA 10.1.7). Furthermore, it is assumed that the compression
carried by the concrete is less than or equal to that which can be carried at the
balanced condition (CSA 10.1.4). When the applied moment exceeds the mo-
ment capacity at the balanced condition, the area of compression reinforcement
is calculated assuming that the additional moment will be carried by compres-
sion and additional tension reinforcement.

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not exceed (0.1
f'c Ag), axial force is ignored; hence, all beams are designed for major direction
flexure, shear, and torsion only. Axial compression greater than 0.1 f'c Ag and
axial tensions are always included in flexural and shear design.

55.1.2.1 Design of Rectangular Beams

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 5-1), where,
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Figure 5-1 Rectangular Beam 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:

o = 0.85 — 0.0015f; > 0.67, (CSA 10.1.7)

B1=0.97 — 0.0025f", > 0.67, (CSA 10.1.7)

=~ (CSA 10.5.2)
700 +f,

The balanced depth of the compression block is given by:

ap = [iCh (CSA 10.1.7)
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If a<ap (CSA 10.5.2), the area of tension reinforcement is given by:

M

As P
a
¢s fy(d _2}

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

If a > ap (CSA 10.5.2), compression reinforcement is required and is calcu-
lated 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:

el
2

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

Mt = Mt — Mxc
The required compression reinforcement is given by:

M
Al = s . where

T (- denfi)(d-d)

f! =0.0035 Es {C —d } <1, (CSA 10.1.2,10.1.3)
C

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

Ay =
ab
o h

and the tension reinforcement for balancing the compression reinforcement is
given by:
M fs
4
fy (d —d )¢5
Therefore, the total tension reinforcement, As = Aq + 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 Mg is negative.

A, =

55.1.2.2 Design of Flanged Beams

55.1.22.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

55.1.22.2 Flanged Beam Under Positive Moment
= If M; > 0, the depth of the compression block is given by:

acd— [q2——2Mi (CSA 10.1)
) o figby '

where, the value of ¢ is 0.65 (CSA 8.4.2) in the preceding and the following
equations. The parameters o, f1, and ¢y, are calculated as:

a1 =0.85-0.0015 f'c. >0.67, (CSA 10.1.7)
B1=0.97 - 0.0025 f'. > 0.67, (CSA 10.1.7)
7
- %0, (CSA 10.5.2)
700 + fy
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Figure 5-2 Design of a T-Beam Section
The balanced depth of the compression block is given by:
ap= piCp (CSA 10.1.4,10.1.7)

= If a < hg, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in this case the width
of the beam is taken as bs. Compression reinforcement is required when a >
ap.

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

by:
Ci = fi(by —by, )min(hg,a,) (CSA 10.1.7)

Cf¢c

yrs

Therefore, A, =

and the portion of M that is resisted by the flange is

given by:
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M, :Cf(d‘w)@

Therefore, the balance of the moment, Mt to be carried by the web is:
Mfw = Mf - Mff

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

=d —\/dz __ M
a, = _ (CSA 10.1)
6Ylflc ¢cbw

= If a; <ap (CSA 10.5.2), the area of tension reinforcement is then given by:

As = Ag + As
This reinforcement is to be placed at the bottom of the flanged beam.

= If a; > ap (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=¢,o,f'.b,a, (CSA 10.1.7)

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

)
2

and the moment resisted by compression and tension reinforcement is:

Mss = Maw — Mg
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Therefore, the compression reinforcement is computed as:

Mfs
A = —, where
(¢sf lc_¢calf 'c)(d -d )
, c—d’
f!= &F, [ }g f, (CSA 10.1.2, 10.1.3)
C

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

Mfc

Ap=———
8
o 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.

55.1.3  Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the minimum of the following two limits:

0.2,/ f!
As> f—ﬁ bwh (CSA10.5.1.2)
y
4
As > § As(required) (CSA 10.5.1.3)

In addition, the minimum flexural tension reinforcement provided in a flanged
beam with the flange under tension in an ordinary moment resisting frame is
given by the limit:
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5.5.2

As > 0.004 (b — by) hs (CSA 10.5.3.1)

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

- {0.04bd Rectangular beam
0.04b,d  Flanged beam
0.04bd Rectangular beam

{0.04de Flanged beam

Al <

s =

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular loading combination, at a particular station due to
the beam 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.

5.5.2.1 Determine Factored Shear Force

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

55.2.2 Determine Concrete Shear Capacity

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

V, =g, A8./f.b,d, (CSA 11.3.4)
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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 ag-
gregate, 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.

B 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.

b, is the effective web width. For rectangular beams, it is the width of the
beam. For flanged beams, it is the width of the web of the beam.
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 gen-
eral method is used (CSA 11.3.6.4).

If the overall beam depth, h, is less than 250 mm or if the depth of a flanged
beam below the slab is not greater than one-half of the width of the web or 350
mm, S is taken as 0.21 (CSA 11.3.6.2).
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When the specified yield strength of the longitudinal reinforcing f, 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, S
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

F=1000+d,

(CSA 11.3.6.3(h))

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

F=1000+s,

(CSA11.3.6.3¢)

35s,
15+a,

where, S,, = >0.85s, (CSA 11.3.6.3.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
longitudinal reinforcement. However, Sz is conservatively taken as equal to dv.

In summary, for simplified cases, £ can be expressed as follows:
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0.18, if minimum transverse reinforcement is provided,
p= ﬂ 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, S is determined in accordance with the general
method as follows (CSA 11.3.6.1, 11.3.6.4):

p-— 040 1300 (CSA 11.3.6.4)

(1+1500¢,) (1000+S,, )

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 =1 S, >0.85S, otherwise.
15+a

[¢]
(CSA 11.3.6.3, 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 interpo-
lated 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;
E, =

X 2(E,A)

In evaluating & the following conditions apply:

(CSA 11.3.6.4)

= & is positive for tensile action.
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= V¢ and M; are taken as positive quantities. (CSA 11.3.6.4(a))
= M is taken as a minimum of V:dy. (CSA 11.3.6.4(a))
= Ns is taken as positive for tension. (CSA 2.3)

As is taken as the total area of longitudinal reinforcement in the beam. It is tak-
en as the envelope of the reinforcement required for all design load combina-
tions. 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 beam, taken
as half of the total area.

_ M, /d, +V; +05N,

g, = (CSA 11.3.6.4(c))
2(E,A +EA,)

E, = 200,000 MPa (CSA8.5.4.1)

E, = 4500,/ f, MPa (CSA 8.6.2.3)

If the axial tension is large enough to induce tensile stress in the section, the
value of & is doubled (CSA 11.3.6.4(g)).

For sections closer than dy, from the face of the support, & is calculated based
on Mt and V; at a section at a distance d, from the face of the support (CSA
11.3.6.4(d)). This condition currently is not checked by SAFE.

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 provided. 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

5-18 Beam Design



Chapter 5 - Design for CSA A23.3-04

program performs the second pass assuming that at least minimum shear rein-
forcement is provided.

55.2.3 Determine Required Shear Reinforcement

The shear force is limited toV. where:

r,max

Vi mx =0.25¢,f' b, d (CSA11.3.3)
Given Vi, Ve, and Vrmax, the required shear reinforcement is calculated as fol-
lows:
= If V, <V,

i= 0 (CSA11.35.1)

S

“If V<V, <V

r,max !

V: -V, |Jtan@
A z(f¢f—°21 (CSA 11.3.3,11.35.1)
S s 'yt¥v

= If V>V, a failure condition is declared. (CSA11.3.3)

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 V; exceeds
Ve

(b) inregions of beams with an overall depth greater than 750 mm

(c) inregions of beams where the factored torsion Tr exceeds 0.25T.

Where the minimum shear reinforcement is required by CSA 11.2.8.1, or by
calculation, the minimum area of shear reinforcement per unit spacing is taken
as:
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ﬂz 0.06Eb

(CSA11.2.8.2)
S f

w

yt

In the preceding equations, the term @is used, where @ is the angle of inclina-
tion 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 pref-
erably taken as the special value (CSA 11.3.6.2), or it is determined using the
simplified method (CSA 11.3.6.3), whenever applicable. The program uses the
general method when conditions for the simplified method are not satisfied
(CSA 11.3.6.4).

= If the overall beam depth, h, is less than 250 mm or if the depth of the
flanged beam 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 f, does not ex-
ceed 400 MPa, or the specified concrete strength f'c does not exceed 60 MPa,
6 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, 6
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
combination is reported along with the controlling shear force and associated
load combination.

The beam shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
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5.5.3

ments to satisfy spacing and volumetric considerations must be investigated in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, Tr.
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

5.,5.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases, with the corresponding load combination fac-
tors.

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design Tt is permitted to be reduced in accordance with the code (CSA
11.2.9.2). However, the program does not automatically redistribute the inter-
nal forces and reduce T:. If redistribution is desired, the user should release the
torsional degree of freedom (DOF) in the structural model.

5.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Ac, Ao, Ao, Pe, and pn, are
calculated. These properties are described in the following (CSA 2.3).

Ac = Areaenclosed by outside perimeter of concrete cross-section
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Ao = Areaenclosed by centerline of the outermost closed transverse
torsional reinforcement

A, = Gross area enclosed by shear flow path
pc = Outside perimeter of concrete cross-section
pn = Perimeter of centerline of outermost closed transverse torsional

reinforcement

In calculating the section properties involving reinforcement, such as Aon, Ao,
and p, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 50 millimeters. This is
equivalent to 38-mm clear cover and a 12-mm stirrup. For torsion design of
flanged beam sections, it is assumed that placing torsion reinforcement in the
flange area is inefficient. With this assumption, the flange is ignored for torsion
reinforcement calculation. However, the flange is considered during T calcu-
lation. With this assumption, the special properties for a rectangular beam sec-
tion are given as follows:

Ac = bh (CSA 11.2.9.1)
A = (b —2c)(h —2c) (CSA 11.3.10.3)
Ao = 0.85 Ao (CSA 11.3.10.3)
p. = 2b+2h (CSA 11.2.9.1)
pn = 2(b —2c) +2(h —2¢) (CSA 11.3.10.4)

where, the section dimensions b, h, and ¢ are shown in Figure 5-3. Similarly,
the special section properties for a flanged beam section are given as follows:

Ac = buh+ (br— bu)hs (CSA 11.2.9.1)
Ao = (bw—20)(h - 20) (CSA 11.3.10.3)
Ao = 0.85 Ao (CSA 11.3.10.3)
p. = 2bs+ 2h (CSA 11.2.9.1)
ph = 2(h—2¢) + 2(bw— 2¢) (CSA 11.3.10.4)
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where the section dimensions by, bw, h, hy, and ¢ for a flanged beam are shown
in Figure 5-3. Note that the flange width on either side of the beam web is lim-
ited to the smaller of 6hs or 1/12 the span length (CSA 10.3.4).

5.5.3.3 Determine Critical Torsion Capacity

The critical torsion capacity, Tcr, for which the torsion in the section can be ig-
nored, is calculated as:

0.3814,+/F ', (fj

cr 4

where A, and pc are the area and perimeter of the concrete cross-section as de-
scribed in the previous section, A is a factor to account for low-density con-
crete, ¢ is the strength reduction factor for concrete, which is equal to 0.65,
and f'¢ is the specified concrete compressive strength.

T

(CSA 11.2.9.1)

5.5.3.4 Determine Torsion Reinforcement

If the factored torsion T is less than the threshold limit, T, torsion can be safe-
ly ignored (CSA 11.2.9.1). In that case, the program reports that no torsion re-
inforcement is required. However, if Tr exceeds the threshold limit, Te, it is as-
sumed that the torsional resistance is provided by closed stirrups and longitudi-
nal bars (CSA 11.3).

= If T+ > T, the required closed stirrup area per unit spacing, A:/s, is calculat-
ed as:

A T tané
—= (CSA 11.3.10.3)

S _¢52A\)fyt

and the required longitudinal reinforcement is calculated as:

M 0.45p,T, \’
05N, + (v, —05v, P 4| - Pl ) cote
d 2A,

v

¢s fy
(CSA 11.3.10.6, 11.3.9)
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Figure 5-3 Closed stirrup and section dimensions for torsion design

In the preceding expressions, € is computed as previously described for
shear, except that if the general method is being used, the value &, calculated
as specified in CSA 11.3.6.4, is replaced by:

M 0.9p,T, Y
R A hadu Ll +0.5N,
d, 2A,

&, = (CSA 11.3.10.5)
2(E,A)

An upper limit of the combination of V, and T, that can be carried by the sec-
tion also is checked using the equation:

Vo ¥ (Top Y .
+| | <0.254, T, (CSA 11.3.10.4(b))
bd, ) \17A2

For rectangular sections, by is replaced with b. If the combination of Vi and T;
exceeds this limit, a failure message is declared. In that case, the concrete
section should be increased in size.
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5.6

5.6.1

When torsional reinforcement is required (Tr > T.), the area of transverse
closed stirrups and the area of regular shear stirrups must satisfy the following
limit.

b

(i+2ﬁj20.061/f'C = (CSA11.2.8.2)
S S fo

If this equation is not satisfied with the originally calculated A,/s and A:/s, Av/s

is increased to satisfy this condition.

The maximum of all of the calculated A, and A:/s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is performed based on the ultimate strength design method (CSA A23.3-
04) for reinforced concrete as described in the following sections. To learn
more about the design strips, refer to the section entitled "Design Strips™ in the
Key Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. These moments will always be in static equilibrium with the
applied loads, irrespective of the refinement of the finite element mesh.
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The design of the slab reinforcement for a particular strip is carried out at spe-
cific locations along the length of the strip. These locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
these element boundaries. The slab flexural design procedure for each load
combination involves the following:

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

These two steps are described in the subsections that follow and 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.

5.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

5.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

5.6.1.3 Minimum and Maximum Slab Reinforcement

The minimum flexural tensile reinforcement required for each direction of a
slab is given by the following limit (CSA 13.10.1):
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5.6.2

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.

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.

5.6.2.1  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).
Figure 5-4 shows the auto punching perimeters considered by SAFE for the
various column shapes. The column location (i.e., interior, edge, corner) and
the punching perimeter may be overwritten using the Punching Check Over-
writes.

Circular Column T-Shape Column L-Shape Column

Figure 5-4 Punching Shear Perimeters
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5.6.2.2  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

= ! and (CSA 13.10.2)

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

L 1
1+(2/3)\/o, /b,

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 per-
pendicular to the span.

W= (CSA 13.3.5.3)

5.6.2.3 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as the minimum of the
following three limits:

2
1+ 2 0.194JT
¢(+ﬂj

c

v, =min{ g, (0.19+ "l‘;d j/l fr (CSA 13.3.4.1)

0

$.0.384/1/

where, S is the ratio of the minimum to the maximum dimensions of the criti-
cal section, bo 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, =43, for edge colums, and (CSA 13.3.4.1(b))

S

2, for corner columns.
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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).

5.6.2.4 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. = \Z N YvaM =V (Vs = Yl (Vs = Ys) = Los (X — %5)] 3
" bod |22|33_|232
Eqg.1
7/V3[M ra = Vi (X = X)) [0 (X, = X5) = 15(Y, = ¥s)]

2
|22|33_|23

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

sides =1

section for punching shear Eq. 2

n
;= 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., I, and 1,, are different depending on whether

the side of the critical section for punching shear being considered is par-
allel to the 2-axis or parallel to the 3-axis. Refer to Figures 5-5.

Slab Design  5-29



SAFE Reinforced Concrete Design

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 (XZ’yZ)'
critical section for | 3
punching shear. I
Coordinates are (X3,Y;): s = wf\——
y2 - 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 (X5,Ys). -—,\/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 5-5 Shear Stress Calculations at Critical Sections

1,, = Ld(y, — y,)?, for side of critical section parallel to 2-axis Eq. 5a
- Ld® dl’
= +—+Ld —v.)?, for side of critical section
2= T 13 (¥, = ¥s)
parallel to 3-axis Eqg. 5b
3 3
I, = Ld + a + Ld(x, — X;)?, for side of critical section
12 12
parallel to 2-axis Eq. 6a
I, = Ld(x, — X,)?, for side of critical section parallel to 3-axis Eq. 6b
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1, = 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

ls3 = 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 punch-
ing shear

X3, Y3 = 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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5.6.3

we = Percent of M, resisted by shear

ws = Percent of M resisted by shear

5.6.2.5 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 SAFE. 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
performed as explained in the subsections that follow.

5.6.3.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is taken as:

v, =0.284¢,/ f'. for shear studs (CSA 13.3.8.3)
v, =0.194¢,,/f ', for shear stirrups (CSA 13.3.9.3)

5.6.3.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of v where

r,max’?
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V, max = 0.7544¢,/ T ', for shear studs (CSA 13.3.8.2)
V, max = 0.5544¢,/ T, for shear stirrups (CSA 13.3.9.2)

Given v, V¢, and Vs max, the required shear reinforcement is calculated as fol-
lows, where, ¢, is the strength reduction factor.

= |fve> Vr max,

vV, —V
A_ ubo (CSA 13.3.8.5, 13.3.9.4)
S ¢, 1,
= If vi > Vrmax, @ 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.

5.6.3.3 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 5-6 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 L\ peripheral line
studs shown) of studs N of studs Eree
_—1 - edge
] - N d/2
\

Critical

section [ Y, 4
centroid ~ Free /1 4 . _/)\\
edge Y7 X
Ix\>/ Cnltical section
—'\,— centroid

Interior Column Edge Column Corner Column
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Figure 5-6 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

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 col-
umns respectively.

5.6.3.4 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 diam-
eter 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
S 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 < ! eyt (CSA 13.3.8.6)
0.50d v; >0.561¢. /T ",
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 6
Design for Eurocode 2-2004

This chapter describes in detail the various aspects of the concrete design
procedure that is used by SAFE when the European code Eurocode 2-2004 [EN
1992-1-1:2004] is selected. For the load combinations, reference is also made
to Eurocode O [EN 1990], which is identified with the prefix “ECO0.” Various
notations used in this chapter are listed in Table 6-1. For referencing to the per-
tinent 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
country 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 require-
ments 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.
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6.1 Notations

Table 6-1 List of Symbols Used in the Eurocode 2-2004

Ac Area of concrete section, mm?

As Area of tension reinforcement, mm?

Als Area of compression reinforcement, mm?

Asi Area of longitudinal reinforcement for torsion, mm?

Asw Total cross-sectional area of links at the neutral axis, mm?

Asw ISy 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

b¢ Width or effective width of flange, mm

bw Average web width of a flanged beam, 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 = o fex / ve, MPa

fo 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
few/ 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
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Table 6-1 List of Symbols Used in the Eurocode 2-2004

i
fywd
i
h

ht
Meg
m

Miim

Sy

Ted
Trac
TRd,max
u

VRde

VRd,max
Ved

Characteristic strength of shear reinforcement, MPa
Design strength of shear reinforcement = fywi /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/bdnfq

Limiting normalized moment capacity as a singly reinforced
beam

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
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Table 6-1 List of Symbols Used in the Eurocode 2-2004

Ve
Vs
A

14

@lim

Partial safety factor for concrete strength
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

6.2  Design 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
combinations to be defined based on ECO Equation 6.10 or the less favorable
of ECO Equations 6.10a and 6.10b [NDP].

Z?/G,ij,j +7pP +70.Qc1 + ZVQ,i‘//o,iQk,i (ECO Eqg. 6.10)
=1 i>1

z ?’G,ij,j +ypP+ 7Q,1‘//0,1Qk,1 + ZVQ,i‘//o,iQk,i (ECO Eq. 6.10a)
=1 i>1

Zf,‘?/e,ij,j +7pP +70.Qus + ZVQ,iV/o,iQk,i (ECO Eg. 6.10b)
>1 i>1

Load combinations considering seismic loading are automatically generated
based on ECO Equation 6.12b.
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DGy +P+ AL+ v, Q (ECO Eq. 6.12b)

j>1 i>1

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):

Yaij.sup D (ECO Eq. 6.10)
YejswpD +vq1L (ECO Eq. 6.10)
YaisupD + (0.75)yq,1 PL (ECO Eqg. 6.10)

Yeiint D £ yo1 W
Y Gj,sup D+ Y01 W (ECO Eq 610)

Yeisup D +vo1 L £yqiwoi W

Yejsup D +vQ1 L +vQiyo,iS

Yejsup D £y01 W +yqi woi L

Yeisup D £ 701 W +v0i woi S (ECO Eq. 6.10)
Yejsup D+ 701 S £ yqi woi W

Yejsup D + 701 S +yqiwoil

Yeisup D +vo1 L +7Qi Woi S £ yqiwoi W

Yejsup D £ yo1 W +yqiwoiL +7vqiWoi S (ECO Eg. 6.10)
Yeisup D+ 701 S £ yqiwoi W+ yqiwoiL

D+ 1.0E

D+ 1.0E +ya, L (ECO Eq. 6.12b)
D+ 1.0E +yaiL+y2iS

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 equa-
tions are considered in the program.

Yeiswp D (ECO Eq. 6.10a)
é'YGj,sup D (ECO Eq 610b)
YejsuD +yQ1wour L (ECO Eq. 6.10a)
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6 -

6

&€ veisuwD + Q1L (ECO Eq. 6.10D)
YeisupD + (0.75)yq.1 wo1 PL (ECO Eq. 6.10a)
€ vejsuwD + (0.75)yq1 PL (ECO Eq. 6.10b)
Yoiint D £ yQ1yo1 W (ECO Eq. 6.10a)
Y Gj.sup D+ Y01 Vo1 W (ECO Eq 6.108_)
veiint D £ 01 W (ECO Eq. 6.10b)

Yeisup D +v01 Wo1 L £y0,i woi W

Yejsup D + Y01 Wo1 L+ y0iwoiS

Yeisw D yo1Wor W+ yoiwoi L (ECO Eq. 6.10a)
Yejsup D £ v01wo1 W+ vqiwo,iS

Yejsup D + Y01 Wo1S +vqiwoil

Yeisw D +vo1Wo1 St yqiyoi W

Evejsup D +vo1 L £vQiwoi W

€ veisw D +vo1 L +vqQiwoiS

€ veisw D +v01S £ yQiwoi W

Eveisp D + 701 S + yoiwoil (ECO Eqg. 6.10b)
Yeiint D £ v01 W + vqi wo, L

Yaiinf D £ v01 W + y9i yo,i S

D+1.0E

D+ 1.0E+y2ilL (ECO Eq. 6.12b)
D+ 1.0E+y2iL +y2i S

For both sets of load combinations, the variable values for the CEN Default
version of the load combinations are defined in the list that follows [NDP].

Yejsp = 1.35 (ECO Table A1.2(B))
Yejint = 1.00 (ECO Table A1.2(B))
vo1 =15 (ECO Table A1.2(B))
Yi =15 (ECO Table A1.2(B))

wo,i =0.7 (live load, assumed not to be storage) (ECO Table A1.1)

woi = 0.6 (wind load) (ECO Table A1.1)
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6.3

6.4

woi = 0.5 (snow load, assumed H < 1,000 m) (ECO Table A1.1)
£ =085 (ECO Table A1.2(B))
vai = 0.3 (live, assumed office/residential space) (ECO Table A1.1)
yai =0 (snow, assumed H < 1,000 m) (ECO Table A1.1)

These are also the default design load combinations in SAFE whenever the Eu-
rocode 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,
fyk, should be 400 and 600 MPa, respectively (EC2 3.2.2(3)).

SAFE enforces the upper material strength limits for flexure and shear design
of beams and slabs or for torsion design of beams. The input material strengths
are taken as the upper limits if they are defined in the material properties as be-
ing greater than the limits. It is the user's responsibility to ensure that the min-
imum 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, ys and yc as
shown here [NDP].

fog =0t o 7 7e (EC2 3.1.6(1))
fla = fulvs (EC23.2.7(2))
fows = Ty /s (EC23.2.7(2))
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6.5

6-8

acc IS the coefficient taking account of long term effects on the compressive
strength. a.c is taken as 1.0 by default and can be overwritten by the user (EC2
3.1.6(1)).

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 safe-
ty for normal structures under regular design situations (EC2 2.4.2.4). For ac-
cidental and earthquake situations, the recommended values are less than the
tabulated values. The user should consider those separately.

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

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the subsections that follow. The reinforcement requirements are calculated at
each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Beam Design
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6.5.1

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

6.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases with the corre-
sponding load factors.

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

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 re-
inforcement 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 6-1 (EC2 3.1.7(3)). The area of the stress block and the depth of the
compressive block is taken as:

F. =nf_ab (EC2 3.1.7(3), Fig 3.5)

a=Ax (EC2 3.1.7(3), Fig 3.5)
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where x is the depth of the neutral axis. The factor A defining the effective
height of the compression zone and the factor # defining the effective strength

are given as:
1=0.8 for f <50 MPa (EC23.1.7(3))
f, —50

A1=0.8 —= for 50 < f« <90 MPa (EC23.1.7(3))
400

n=10 for f« <50 MPa (EC23.1.7(3))
f, —50

n=10- 0200 for 50 <f« <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 beam, 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)Iim , is expressed as a function of the ratio of

the redistributed moment to the moment before redistribution, J, as follows:

G) ~ 97K forfu <50 MPa (EC2 5.5(4))

lim 2

G} _9-ks for fo > 50 MPa (EC25.5(4))
lim 4

For reinforcement with fyx <500 MPa, the following values are used:

ki=0.44 [NDP] (EC 5.5(4))
ko = ks = 1.25(0.6 + 0.0014/zc2) [NDP] (EC 5.5(4))
ks = 0.54 [NDP] (EC 5.5(4))
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PR o P

o'is assumed to be 1
where the ultimate strain, .2 [NDP], is determined from EC2 Table 3.1 as:

&z = 0.0035 for f < 50 MPa (EC2 Table 3.1)
g = 2.6+ 35[ (90—, )/100] for f > 50 MPa (EC2 Table 3.1)

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the subsections that follow.

Eeus nfaq

R

S

BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 6-1 Rectangular Beam Design

6.5.1.2.1  Design of Rectangular Beams

For rectangular beams, the normalized moment, m, and the normalized section
capacity as a singly reinforce beam, miim, are obtained first. The reinforcement
area is determined based on whether m is greater than, less than, or equal to
Miim.
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= The normalized design moment, m, is calculated as:

M
m=—0frH—
bd f

= The normalized concrete moment capacity as a singly reinforced beam, mjim,
is calculated as:

(%) [i4(2) |

= If m < myim, a singly reinforced beam is designed. The normalized reinforce-
ment ratio is calculated as:

w=1-1-2m
The area of tension reinforcement, As, is then given by:
f ,bd
AS - 77 cd
flq

This reinforcement is to be placed at the bottom if Mgy is positive, or at the
top if Mgq IS negative.

= If m > m;m, both tension and compression reinforcement is designed as fol-
lows:

The normalized steel ratios @', wim, and w are calculated as:

Dlim :ﬂ{gj =1-y1-2my,
lim

o' = m—my;y,
1-d'/d
o=, +o'

where, d' is the depth to the compression reinforcement from the concrete
compression face.
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The area of compression and tension reinforcement, A's and As, are given by:

Ag:(()’ 77.[;Cdbd
fs =ty

77de bd
f

.

yd

where, f's is the stress in the compression reinforcement, and is given by:

f! = E ns {1—"—} < fq (EC2 6.1, 3.2.7(4), Fig 3.8)
X

lim

6.5.1.2.2  Design of Flanged Beams

6.5.1.2.2.1 Flanged Beam Under Negative Moment

In designing for a factored negative moment, Mgq (i.e., designing top rein-
forcement), the calculation of the reinforcement area is exactly the same as de-
scribed previously, i.e., no flanged beam data is used.

6.5.1.2.2.2 Flanged Beam Under Positive Moment

With the flange in compression, the program analyzes the section by consider-
ing alternative locations of the neutral axis. Initially, the neutral axis is as-
sumed 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 be-
yond the flange thickness, the section is designed as a rectangular beam of
width bys. If the stress block extends beyond the flange, additional calculation is
required. See Figure 6-2.

= The normalized design moment, m, is calculated as:

M

m=—y- — EC26.1,3.1.7(3
bd ( ®3)

= The limiting values are calculated as:
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x A x
{2)
m]im = g
d Him

Amax = @limd

= The values @ and a are calculated as:

owo=1—-1-2m

a=wd
Ecus n fcd n fod
bf - hy 7<—ﬁ O e o il
v -
{ d € N T \
As' — T a = Ax - G
X
d o
L ' L I
AS r }‘—.— 83 Ts TW Tf
<oy, ~|
(i) BEAM (i) STRAIN (i) STRESS
SECTION DIAGRAM DIAGRAM

Figure 6-2 T-Beam Design

= If a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in that case, the width
of the beam is taken as bs. Compression reinforcement is required when m >
Miim.

= 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 6-2. The reinforce-
ment area required for balancing the flange compression, Asz is given as:
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(bf“bw)hfﬂfm

A, = f

yd

and the corresponding resistive moment is given by

h;
Mz:zAwfw d"??

The reinforcement required for balancing the compressive force from the
web, considering a rectangular section of width by to resist the moment,
M1 =M — My, is determined as follows:

m=— M
" b, dnf

= If my < Miim,
o =1-,1-2m,

f.b,d
AAZCQ{U : }

yd

= If my > Miim,

v My — My
0
1-d'/d
QM1:Z(§)
d lim
& = Oy + @'
Ag — ' 77fcdbd
f Is_ n fcd B
febad |
An:aﬁ{ ?
yd |
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6.5.2

where, f's is given by:

lim

f! = E ns {1—"—} < fq (EC2 6.1, 3.2.7(4), Fig 3.8)

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

6.5.1.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement, Asmin [NDP], required in a beam
section is given by the maximum of the following two limits:

A min = 0-26%bd (EC29.2.1.1(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
computed as:

f =0.30f, % for fo <50 MPa (EC2 3.12, Table 3.1)
fom = 2.12In(1+ fcm/lo) for fo« > 50 MPa (EC2 3.12, Table 3.1)
fon = fu +8 MPa (EC2 3.12, 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,
Asmax [NDP], has been imposed to be 0.04 times the gross cross-sectional area
(EC 9.2.1.1(3)).

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
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ular beam, for a particular load combination, at a particular station due to the
beam major shear, the following steps are involved (EC2 6.2):

= Determine the factored shear force, Veq.
= Determine the shear force, Vrd, 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.

6.5.2.1 Determine Factored Shear Force

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

6.5.2.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, Vra,, is calculated as:
13
Vage =| Crack (10014 )" + ko [b,d (EC2 6.2.2(1))

with a minimum of:

Veae = (Vimin + Kiop ) by d (EC26.2.2(1))
where
fex Is in MPa
k=1+, /% <2.0 with din mm (EC26.2.2(1))
. . . A,
1 = tension reinforcement ratio = d <0.02 (EC26.2.2(2))
A = area of tension reinforcement (EC26.2.2(2))
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G, =Ng /A <02 f, MPa (EC2 6.2.2(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 Crqc [NDP], Vmin [NDP], and k1 [NDP]
are given as follows (EC2 6.2.2(1)):

Crac= 0.18/y¢ (EC2 6.2.2(1))
Vimin = 0.035 k32 f 12 (EC2 6.2.2(1))
ki =0.15. (EC2 6.2.2(1))

For light-weight concrete:

Crac=0.18/yc (EC211.6.1(1))
Viin = 0.03 k32 f, M2 (EC2 11.6.1(1))
ki =0.15. (EC2 11.6.1(1))

6.5.2.3 Determine Required Shear Reinforcement

The shear force is limited to a maximum of;

_ Aoy bwzvl 1:cd

= , Where EC26.2.3(3
REM T cot @ + tan @ ( )
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))

6 is optimized by the program and is set to 45° for combinations includ-
ing seismic loading (EC2 6.2.3(2)).

Given Ved, Vrde, and Vrgmax, the required shear reinforcement is calculated as
follows:

6-18 Beam Design



Chapter 6 - Design for Eurocode 2-2004

6.5.3

= If Ved < Ve,

ﬁ: Asw,min
S S

v

= If Vrdc < VEd < VRdmax

Asw _ VEd > Asw,min

= > (EC26.2.3(3))
s zf,q coto S
= If Ves > Vramax, a failure condition is declared. (EC26.2.3(3))
The minimum shear reinforcement is defined as:
, 0.08,/f
Ao _ “b, (EC29.2.2(5))

S f

yk

The maximum of all of the calculated Aswy /sy values obtained from each load
combination is reported along with the controlling shear force and associated
load combination.

The beam 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 in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in
designing the longitudinal and shear reinforcement for a particular station due
to the beam torsion:

= Determine the factored torsion, Teq.
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.
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6.5.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination
factors.

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design Teq is permitted to be reduced in accordance with the code (EC2
6.3.1(2)). However, the program does not automatically redistribute the inter-
nal forces and reduce Teq. If redistribution is desired, the user should release
the torsional degree of freedom (DOF) in the structural model.

6.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Ag, tef, U, Uk, and z; are
calculated. These properties are described as follows (EC2 6.3.2).

A = Areaenclosed by the outside perimeter of the cross-section

A = Area enclosed by centerlines of the connecting walls, where the
centerline is located a distance of ter/2 from the outer surface

tee = Effective wall thickness, A/u. It is taken as at least twice the dis-
tance between the edge and center of the longitudinal rebar.

u = Outer perimeter of the cross-section
ux = Perimeter of the area Ax

zi = Side length of wall i, defined as the distance between the intersec-
tion points of the wall centerlines

In calculating the section properties involving reinforcement, such as Ax and u,
it is assumed that the distance between the centerline of the outermost closed
stirrup and the outermost concrete surface is 50 mm. This is equivalent to 38-
mm clear cover and a 12-mm stirrup. For torsion design of flanged beam sec-
tions, it is assumed that placing torsion reinforcement in the flange area is inef-
ficient. With this assumption, the flange is ignored for torsion reinforcement
calculation. However, the flange is considered during calculation of torsion
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section properties. With this assumption, the special properties for a rectangu-
lar beam section are given as:

A = bh (EC2 6.3.2(1))
Ac = (b — ter)(h —ter) (EC26.3.2(1))
u = 2b+2h (EC2 6.3.2(1))
U = 2(b —te) + 2(h —ter) (EC2 6.3.2(3))
tee = A/u>2 x cover to center (EC26.3.2(1))

where, the section dimensions b, h, and ¢ are shown in Figure 6-3. Similarly,
the special section properties for a flanged beam section are given as:

A = buh (EC26.3.2(1))
Ac = (bu—te)(h - t) (EC26.3.2(1))
u = 2by+2h (EC26.3.2(1))
Ue = 2(h = ter) + 2(bw — ter) (EC26.3.2(3))

where the section dimensions by, bw, h, hr, and ¢ for a flanged beam are shown
in Figure 6-3.

6.5.3.3 Determine Critical Torsion Capacity

The torsion in the section can be ignored, with only minimum shear reinforce-
ment (EC2 9.2.1.1) required, if the following condition is satisfied:
T Vv
—E 4 B <10 (EC2 6.3.2(5))
TRd,c VRd,c

where Vg is as defined in the previous section and Trq, is the torsional crack-
ing moment, calculated as:

Trae = fualer 2A (EC2 6.3.2(1), 6.3.2(5))

where ter, and fe, the design tensile strength, are defined as:
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Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section
Figure 6-3 Closed stirrup and section dimensions for torsion design
ter = A/u (EC26.3.2(1))
fctd =0 fctk0.05/7/c (EC2 Eq 316)

where A is the gross cross-section area, u is the outer circumference of the
cross-section, a.: [NDP] is a coefficient, taken as 1.0, taking account of long
term effects on the tensile strength, and fewo.0s is defined as:

fetko.0s = 0.7fcm (EC2 Table 3.1)

6.5.3.4 Determine Torsion Reinforcement

If the expression in the previous subsection is satisfied, torsion can be safely
ignored (EC2 6.3.2(5)), with only minimum shear reinforcement required. In
that case, the program reports that no torsion reinforcement is required. How-
ever, if the equation is not satisfied, it is assumed that the torsional resistance is
provided by closed stirrups, longitudinal bars, and compression diagonals.

If torsion reinforcement in the form of closed stirrups is required, the shear due
to this torsion, V4, is first calculated, followed by the required stirrup area, as:
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AV (EC26.2.3(3))

Tey - T

V, = (h —t, ) T (EC2 6.3.2(1))
The required longitudinal reinforcement for torsion is defined as:
VEd
Toon =| 1= Tra.c (EC26.3.2(5))
VRd,c Y
TEd uk
Ay = > cotef— (EC26.3.2(3))

yd

where @ is the angle of the compression struts, as previously defined for beam
shear. In the preceding expressions, @ is taken as 45 degrees. The code allows
any value between 21.8 and 45 degrees (EC2 6.2.3(2)), while the program as-
sumes the conservative value of 45 degrees.

When torsional reinforcement is required, an upper limit on the combination of
Veq and Teq that can be carried by the section without exceeding the capacity of
the concrete struts also is checked using:

TEd VEd

+

Rd,max Rd,max

= <1.0 (EC26.3.2(4))

where Trqmax, the design torsional resistance moment is defined as:

T =2va,, Ty Aty Singdcosé (EC2 6.3.2(4))

Rd,max cw 'cd

If this equation is not satisfied, a failure message is declared. In that case, the
concrete section should be increased in size.

The maximum of all of the calculated Ay and A:/s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
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6.6

6.6.1

longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE 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
moments for a particular strip are recovered from the analysis and a flexural
design is carried out based on the ultimate strength design method (Eurocode
2-2004) for reinforced concrete, as described in the following sections. To
learn more about the design strips, refer to the section entitled "Design Strips"
in the Key Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
displacement vectors. These moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

= Determine factored moments for each slab strip.

= Design flexural reinforcement for the strip.

These two steps, described in the subsections that follow, are repeated for eve-
ry load combination. The maximum reinforcement calculated for the top and
bottom of the slab within each design strip, along with the corresponding con-
trolling load combination, is obtained and reported.
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6.6.1.1 Determine Factored Moments for Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

6.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

6.6.1.3 Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (EC2 9.3.1.1) [NDP]:

A min = 0-26%% (EC29.2.1.1(1))

yk

A, i =0.0013hd (EC29.2.1.1(1))

where fem is the mean value of axial tensile strength of the concrete and is
computed as:

f =0.30f, % for fu <50 MPa (EC2 Table 3.1)
fom = 2.12I0(1+ ,,,/10) for fu > 50 MPa (EC2 Table 3.1)
f_=f, +8MPa (EC2 Table 3.1)

The minimum flexural tension reinforcement required for control of cracking
should be investigated independently by the user.
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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)).

6.6.2  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.

6.6.2.1 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 6-4 shows the auto punching perimeters consid-
ered by SAFE for the various column shapes. The column location (i.e., interi-
or, edge, corner) and the punching perimeter may be overwritten using the
Punching Check Overwrites.

|
|
N g L __ v __ J
Interior Column Edge Column
— //____ \
/,’ \\\ 2d 2d \\
/ \ / \
! \ N
.’ ! ( \
\ ! | I
\ / 1
\ y; : |
\\\N___/// L ____________ _J!
Circular Column T-Shape Column L-Shape Column

Figure 6-4 Punching Shear Perimeters
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6.6.2.2 Determination of Concrete Capacity

The concrete punching shear stress capacity is taken as:
1/3
Vrae = [CRd,ck(lOOpl fo ) + klacp] (EC2 6.4.4(1))

with a minimum of:

Vae = Vi + K10, ) (EC2 6.4.4(1))

where f is in MPa and

k=1+ /% <2.0 withdinmm (EC2 6.4.4(2))
pr= /Py, <0.02 (EC2 6.4.4(1))

where pix and puy 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 or-
thogonal directions. When design strips are not present in both orthogonal di-
rections then tension reinforcement ratio is taken as zero in the current imple-
mentation, 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.

Cpg. =0.18/y, [NDP] (EC2 6.4.4(1))
v =0.035k¥2f " [NDP] (EC2 6.4.4(1))
ky=0.15 [NDP]. (EC2 6.4.4(1))

6.6.2.3 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:
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6.6.3

M_, .u M, ;U
Vg, = Ve 1+k —E022 4 | B4 \where (EC2 6.4.4(2))
Ud VEdWLz VEdW1,3

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

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.

6.6.2.4 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 SAFE. 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
performed as described in the subsections that follow.
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6.6.3.1 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.

6.6.3.2 Determine Required Shear Reinforcement

The shear is limited to a maximum of Vrg max Calculated in the same manner as
explained previously for beams.

Given Ved, Vrdc, and Vramax, the required shear reinforcement is calculated as
follows (EC2 6.4.5).

® If VRde < VEd < VRd,max

v, —0.75v
A, = (Ve Rd'°)(uld)sr (EC2 6.4.5)
151 .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.

6.6.3.3 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 6-5 shows a typical arrangement of
shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.
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Figure 6-5 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 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 col-
umns respectively.

6.6.3.4 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 di-
ameter 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
between adjacent shear studs, g, at the first peripheral line of studs shall not ex-
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6.7

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 with-
in their National Annex. Variations in these parameters between countries are
considered 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 Default values for each country supported in the program.

Table 6-2 CEN Default NDPs

NDP Clause Value
¥ 2.4.2.41) 15
¥ 2.4.2.41) 1.15
Oce 3.1.6(1) 1.0
oct 3.1.6(2) 1.0
max fy 3.2.2(3) 600MPa
Load Combinations 5.1.3(1) Combinations from Eq. 6.10
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Table 6-2 CEN Default NDPs

NDP Clause Value
& 5.2(5) 0.005
ki 5.5(4) 0.44
ke 5.5(4) 1.25(0.6 + 0.0014/ z2)
ks 5.5(4) 0.54
ke 5.5(4) 1.25(0.6 + 0.0014/z2)
lim 5.8.3.1(1) 20-A-B-C/yn
Craec 6.2.2(1) 0.18/5
Vimin 6.2.2(1) 0.035k32f L2
ki 6.2.2(1) 0.15
2] 6.2.3(2) 45 degrees
foc
n 6.2.3(3) 0.6{1—E}
Ctew 6.2.3(3) 1.0
Beam Acin 0211(1) o.zef;—;"ud > 00013
Beam As max 9.2.1.1(3) 0.04A
Beam puwmin 9.2.2(5) (0.08/F )1 £y
Otce 11.3.5(1) 0.85
act 11.3.5(2) 0.85

6-32 Nationally Determined Parameters (NDPS)



Chapter 6 - Design for Eurocode 2-2004

Table 6-2 CEN Default NDPs

NDP Clause Value
Cirdc 11.6.1(1) 0.15/%
Vi,min 11.6.1(1) 0.30k¥?figi M2
ky 11.6.1(1) 0.15
vi 11.6.2(1) 0.571(1 — fied250)

Table 6-3 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
Ne
Beam pu,min 9.2.2(5) (0.063 f )/ f,
Olcc 11.3.5(1) 1.0
Oict 11.3.5(2) 1.0
Vi,min 11.6.1(1) 0.03k?/3figi M2

Table 6-4 Finland NDPs
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NDP Clause Value
Qe 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 6-5 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

0.15 for compression

. 6.2.2(1) 0.3 for tension
Vmin 6.2.2(1) 0.035k3/2f /2
Beam puwmin 9.2.2(5) (o.lJka )/ £,
Vi,min 11.6.1(1) 0.03K?3fi /2
. 16101 s tor nsion
\%1 11.6.2(1) 0.5(1 - fiek/250)

Table 6-6 Singapore NDPs
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NDP Clause Value
Olce 3.1.6(1) 0.85
k1 5.5(4) 0.4
kz 5.5(4) 0.6 + 0.0014/ o2
ks 5.5(4) 0.54
ka 5.5(4) 0.6 + 0.0014/ &0z
Viim 5.8.3.1(1) 0.30k¥/2fi 112

Table 6-7 Slovenia NDPs

NDP Clause Value

Same As CEN Default

Table 6-8 Sweden NDPs

NDP Clause Value
Beam As max 9.2.1.1(3) Unlimited
Olee 11.3.5(1) 1.0
Ot 11.3.5(2) 1.0

Table 6-9 United Kingdom NDPs

NDP Clause Value

wo,i (wind load) ECO Combos 0.5
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Table 6-9 United Kingdom NDPs

NDP Clause Value
Oce 3.1.6(1) 0.85
ky 5.5(4) 0.4
k2 5.5(4) 0.6 +0.0014/ s
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 7
Design for Hong Kong CP-04

7.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE 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 7-1. 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 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 CP-04 Code

Ag Gross area of cross-section, mm?

A Area of longitudinal reinforcement for torsion, mm?

7-1
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Table 7-1 List of Symbols Used in the CP-04 Code

As Area of tension reinforcement, mm?

A 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?

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

by Width or effective width of flange, mm
bw Average web width of a flanged beam, 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?
T Characteristic strength of shear reinforcement, N/mm?
h Overall depth of a section in the plane of bending, mm
hy Flange thickness, mm
Nmin Smaller dimension of a rectangular section, mm
Nimax Larger dimension of a rectangular section, mm
K : _ M

Normalized design moment, Y
bd? fo

K' Maximum bdNZ'u for a singly reinforced concrete section

cu

7-2 Notations
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Table 7-1 List of Symbols Used in the CP-04 Code

ki
ka

M
Msingle

Vmax

Vi

Xbal

z

p
Po
n
I
&
&

Es

Shear strength enhancement factor for support compression

%
Concrete shear strength factor, [fcu / 25]

Desigh moment at a section, N-mm

Limiting moment capacity as singly reinforced beam, N-mm
Spacing of the links along the length of the beam, mm
Design torsion at ultimate design load, N-mm

Perimeter of the punch critical section, mm

Design shear force at ultimate design load, N

Design shear stress at a beam cross-section or at a punching critical
section, N/mm?

Design concrete shear stress capacity, N/mm?
Maximum permitted design factored shear stress, N/mm?
Torsional shear stress, N/mm?

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

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

Design Load Combinations ~ 7-3
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1.3

1.4

7-

4

obtained by multiplying the characteristic loads by appropriate partial factors
of safety, yr (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
reversible, the following load combinations may need to be considered. (CP
2.3.2.1, Table 2.1).

1.4D
1.4D + 1.6L (CP2.3.2)
1.4D + 1.6(0.75PL) (CP2.3.2)
1.0D + 1.4W

1.4D + 1.4W (CP2.3.2)

12D +1.2L+12W

These are also the default design load combinations in SAFE 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 au-
tomatic combination, including pattern live load, is assumed and should be re-
viewed 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
beams and slabs or for torsion design of beams. The input material strengths
are used for design even if they are outside of the limits. It is the user's respon-
sible 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, ym. The val-
ues of y, used in the program are listed in the following table, as taken from CP
Table 2.2 (CP 2.4.3.2):

Limits on Material Strength
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1.5

751

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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the sections that follow. The reinforcement requirements are calculated at each
station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the length of the beam. In designing the flexural reinforcement for the
major moment of a particular beam, for a particular station, the following steps
are involved:

= Determine factored moments

= Determine required flexural reinforcement

Beam Design  7-5
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7-

6

75.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

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

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 (CP 6.1.2.4(a)), where & max is defined as:

0.0035 if f, <60N/mm?
ax — }/ . )
0.0035-0.00006( f,, —60)2 if fy, >60N/mm

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 0.4 for 45<f, <70 N/mm? (CP 6.1.2.4(b))

cu —

0.33 for 70< f., <100N/mm?

cu —

Beam Design



Chapter 7 - Design for Hong Kong CP-04

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
remains at the maximum permitted value.

The depth of the compression block is given by:

0.9x for f <45 N/mm?

cu

a=:0.8x 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 SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete 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 beams are de-
signed for major direction flexure, shear, and torsion only. Axial compression
greater than 0.1f.,Ay and axial tensions are always included in flexural and
shear design.

7.5.1.2.1 Design of Rectangular Beams
For rectangular beams, the limiting moment capacity as a singly reinforced

beam, Msingle, is Obtained first for a section. The reinforcing is determined based
on whether M is greater than, less than, or equal to Msinge. See Figure 7-1

Calculate the ultimate limiting moment of resistance of the section as singly re-
inforced.

Msingle = Klfcu bdz, Whel’e (CP 6124(C))

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 < Msingie, the area of tension reinforcement, As, is obtained from:

A = 0 8|\7Af o where (CP 6.1.2.4(c))
' y

Beam Design  7-7
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Figure 7-1 Rectangular Beam Design

zZ= d[0.5+ ‘/0.25—%] <0.95d (CP6.1.2.4(c))

M
fbd?

cu

K =

(CP 6.1.2.4(c))

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

= If M > Msingie, cOMpression reinforcement is required and calculated as fol-
lows:

M — M,
Al = single (CP 6.1.2.4(c))

(f; _Mj(d_d')

C

7-8  Beam Design
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where d’ is the depth of the compression reinforcement from the concrete
compression face, and

fi, =E&, (1—d—J <0.87f,, (CP6.1.2.4(c), 3.2.6, Fig. 3.9)
X
%, for f., <45N/mm?
X = % for 45< f, <70 N/mm? (CP6.1.2.4(a), Fig 6.1)
d-z 9
036" for 70< f, <100 N/mm

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:
_ I\/Isingle n M- Iv'single

0.87f,z 0.87f, (d - d')

A (CP 6.1.2.4(c))

7.5.1.2.2 Design of Flanged Beams

7.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

7.5.1.2.2.2 Flanged Beam Under Positive Moment

With the flange in compression, the program analyzes the section by consider-
ing alternative locations of the neutral axis. Initially, the neutral axis is as-
sumed 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 rectangular beam of
width by. If the stress block extends beyond the flange depth, the contribution

Beam Design  7-9
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of the web to the flexural strength of the beam is taken into account. See Figure

7-2.
Assuming the neutral axis to lie in the flange, the normalized moment is given
by:
M
K=s—. (CP6.1.2.4(c))
f., bsd

Then the moment arm is computed as:

7= {o.5+ /o.zs—o—g}s 0.95d, (CP 6.1.2.4(c))

the depth of the neutral axis is computed as:

d__sz, for f., <45N/mm?
X = %, for 45< f,, <70N/mm? (CP 6.1.2.4(c), Fig 6.1)
_;é, for 70 < f,, <100 N/mm?

and the depth of the compression block is given by:

0.9x for f, <45 N/mm?
a=408x for 45<f, <70N/mm’ (CP 6.1.2.4(a), Fig 6.1)
0.72x for 70<f, <100 N/mm?

cu -

= |f a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in that case, the width
of the beam 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, Cs, and the second part is for balanc-
ing the compressive force from the web, Cy, as shown in Figure 7-2.
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Figure 7-2 Design of a T-Beam Section
In that case, the ultimate resistance moment of the flange is given by:

M, = (t,ﬂfm (5, —b,)h,(d—0.5h,)

The moment taken by the web is computed as:
M, =M-M,

and the normalized moment resisted by the web is given by:

M

K= ——*

CcH bw d2
» If Ky <K' (CP 6.1.2.4(c)), the beam is designed as a singly reinforced con-
crete beam. 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.
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M, M,
= +
0.87f,(d—0.5h;) 0.87f,z

z=d 0.5+1/O.25—& <0.95d
0.9

= |If Ky > K’, compression reinforcement is required and is calculated as fol-
lows:

, Where

A

The ultimate moment of resistance of the web only is given by:
M,, = Kf_b,d?

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:

’ MW — I\/Iuw

(f;_o.es?fqu(d_d,)

c

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:

1 Mf IVluw IVlw_'vluw
= + +
087f,|d—-05h, z = d-d’

z=d| 0.5+ ,/O.ZS—L <0.95d
0.9

A
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7.5.1.2.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the following table, which is taken from CP Table 9.1(CP 9.2.1.1) with
interpolation for reinforcement of intermediate strength:

Definition of Minimum percentage
Section Situation percentage fy =250 MPa | f, = 460 MPa
AS
Rectangular — 100 E 0.24 0.13
b <04 100 A
< 0.32 0.18
T c:': L—E;)e_am b, b, h
with web in
. b, A,
tension =04 | 100 0.24 0.13
b, b,h
T-Beam with A
web in com- 100 — 0.48 0.26
pression W
L-Beam with A
web in com- — 100 — 0.36 0.20
pression W

The minimum flexural compression reinforcement, if it is required, provided in
a rectangular or flanged beam is given by the following table, which is taken
from CP Table 9.1 (CP 9.2.1.1).

Definition of Minimum
Section Situation percentage percentage
AI
Rectangular — 100 —~ 0.20
bh
AI
Web in tension 100 b ; 0.40
£l
T or L-Beam N
Web in compression 100 b Sh 0.20
w

An upper limit of 0.04 times the gross cross-sectional area on both the tension
reinforcement and the compression reinforcement is imposed upon request as

follows (CP 9.2.1.3):

Beam Design  7-13
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7.5.2

<

0.04bd Rectangular beam

{0.04de Flanged beam
0.04bd Rectangular beam
{0.04bwd Flanged beam

(CP9.2.1.3)
Al <

s =

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam 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.

7.5.2.1 Determine Shear Stress

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load
combination factors. The shear stress is then calculated as:

\Y

V=—
bd

(CP 6.1.2.5(a))

The maximum allowable shear stress, vmax is defined as:

Vinex = Min(0.8/f,, , 7 MPa) (CP 6.1.2.5())

7.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:

7-14 Beam Design
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Vi =V, +0.6N—Vh§vC 1+l (CP6.1.2.5(k))
M AV,
b %
Vv, = 0.79k;k, (1004, (400j (CP6.1.2.5(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"
o = ﬂg} C 1<k< |2 (CP 6.1.2.5(c), Table 6.3)
25 25
7 =125 (CP 6.1.2.5(c), Table 6.3)
However, the following limitations also apply:
0.15< 1004, <3 (CP 6.1.2.5(c), Table 6.3)

400 %> 0.67, Members without shear reinforcement
d ~ 1.00, Members with shear reinforcement

(CP 6.1.2.5(c), Table 6.3)

%;sl (CP 6.1.2.5(k))

7.5.2.3 Determine Required Shear Reinforcement

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, vy, as:
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753

0.4 it f, <40V .
%
f .
V. = 0.4( ‘%o) if 40< f, <80Y . (CP6.L25(b), Table6.2)

0.4(89 40)% it f,>80Y .

= Ifv<V'e+ v, minimum reinforcement is required:

A_ b (CP 6.1.2.5(b))

= fv>Vvi+vy,

v—-V'.)b
Av =@ (CP 6.1.2.5(b))
s, 0871,
» If v > vinax, a failure condition is declared. (CP6.1.2.5(b))

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

The beam 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 in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in
designing the longitudinal and shear reinforcement for a particular station due
to the beam torsion:

= Determine the torsional shear stress, vy.

= Determine special section properties.
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= Determine critical torsion stress.

= Determine the torsion reinforcement required.

7.5.3.1 Determine Torsional Shear Stress

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases, with the corresponding load combination fac-
tors.

In typical framed construction, specific consideration of torsion is not usually
required where torsional cracking is adequately controlled by shear reinforce-
ment. If the design relies on the torsional resistance of a beam, further consid-
eration should be given, as follows (CP 6.3.1).

The torsional shear stress, v, for a rectangular section is computed as:

2T
(hmw__hmm/3)

v, (CP 6.3.3(2))

)

hmm
For flanged sections, the section is considered as a series of rectangular
segments and the torsional shear stress is computed for each rectangular com-
ponent using the preceding equation, but considering a torsional moment

attributed to that segment, calculated as:

himhmw
T =T he h (CP 6.3.3(b))
hmax = Larger dimension of a rectangular section

hmin = Smaller dimension of a rectangular section

If the computed torsional shear stress, v;, exceeds the following limit for sec-
tions with the larger center-to-center dimension of the closed link less than 550
mm, a failure condition is generated:

v, <min(0.8,/T,, , 7 N/mm?) x% (CP 6.3.4, Table 6.17)
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7.5.3.2 Determine Critical Torsion Stress
The critical torsion stress, vimin, for which the torsion in the section can be
ignored is calculated as:

Vimin = min(o.oe7 f,.0.6 N/mmz) (CP 6.3.4, Table 6.17)

where fe, is the specified concrete compressive strength.

7.5.3.3 Determine Torsion Reinforcement

If the factored torsional shear stress, v: is less than the threshold limit, vimin, tor-
sion can be safely ignored (CP 6.3.5). In that case, the program reports that no
torsion reinforcement is required. However, if v; exceeds the threshold limit,
Vemin, it 1S assumed that the torsional resistance is provided by closed stirrups
and longitudinal bars (CP 6.3.5).

%{c%b—Zc%c% ! “« b —
Y ¥
c
R ] ) —
h-2c h h h-2c
l O O J © O
c c
* ‘Hb —> b, —2ci¢
«—b, —»
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 7-3 Closed stirrup and section dimensions for torsion design

= If v¢ > vymin, the required closed stirrup area per unit spacing, Asv: /Sy, is cal-
culated as:
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1.6

y T
Ave _ (CP 6.3.6)
s, 0.8xy,(087f,,)
and the required longitudinal reinforcement is calculated as:
f (X +
A| _ Asv,t yv( 1 yl) (CP 636)
s, f,

In the preceding expressions, xi is the smaller center-to-center dimension of
the closed link, and y; is the larger center-to-center dimension of the closed
link.

An upper limit of the combination of v and v; that can be carried by the sec-
tion also is checked using the equation:

VY, < min(o.s fo.7 N/mmz) (CP 6.3.4)

If the combination of v and v; exceeds this limit, a failure message is de-
clared. In that case, the concrete section should be increased in size.

The maximum of all of the calculated A, and Ast/sv values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE 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
moments for a particular strip are recovered from the analysis, and a flexural
design is performed based on the ultimate strength design method (CP-04) for
reinforced concrete, as described in the following sections. To learn more about
the design strips, refer to the section entitled "Design Strips™ in the Key Fea-
tures and Terminology manual.
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7.6.1

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
displacement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

The design of the slab reinforcement for a particular strip is completed at spe-
cific locations along the length of the strip. Those locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
the element boundaries. The slab flexural design procedure for each load com-
bination involves the following:

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

These two steps are described in the subsections that follow and 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.

7.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

7.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
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7.6.2

design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

7.6.1.3 Minimum and Maximum Slab 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 rein-
forcement 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 compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area
(CP9.2.1.3).

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 subsections.

7.6.2.1 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 concen-
trated loads, the critical area is taken as a rectangular area with the sides paral-
lel to the sides of the columns or the point loads (CP 6.1.5.7). Figure 7-4 shows
the auto punching perimeters considered by SAFE 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.
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Figure 7-4 Punching Shear Perimeters

7.6.2.2 Determine Concrete Capacity

The concrete punching shear factored strength is taken as (CP 6.1.5.7(d), Table

6.3):
7 %
Vv, = 0.79kk, [ 100A, (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))
£,V 80"
ke= | 2| 1<k <|— (CP 6.1.2.5(c), Table 6.3)
25 25
7 =125 (CP2.4.3.2, Table 2.2)

However, the following limitations also apply:
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100A
bd

0.15< <3, (CP 6.1.2.5(c), Table 6.3)

400 %> 0.67, Members without shear reinforcement
d ~ | 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)

7.6.2.3  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
Vi =V | T4 Xj (CP 6.1.5.6(b), 6.1.5.6(c))
y
1.5M
Vi =V | T+ Y (CP 6.1.5.6(h), 6.1.5.6(c))
X
Veff,x
ud
Ve = Max (CP6.15.7)
Veff,y
ud
where,
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7.6.3

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 col-
umn at the connection,

V is the total punching shear force, and

f isafactor to consider the eccentricity of punching shear force and is
taken as

1.00 for interior columns
f=<125 foredge columns (CP 6.1.5.6(b), 6.1.5.6(c))
1.25  for corner columns

7.6.2.4  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 SAFE. 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 punch-
ing shear reinforcement is not designed and the slab thickness should be in-
creased 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
carried out as described in the subsections that follow.
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7.6.3.1 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.

7.6.3.2  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<1.6v,

A _ (v-v, )ud . _Vud (CP 6.1.5.7(¢))

s 087f, ~087f,

= Jf1.6ve <v<20v,

A _ 5(0.7v -V, ud S v.ud

(CP 6.1.5.7(¢))

S 087f,  087f,
0.4
v = £ \?? N/mm? (CP 6.1.5.7, Table 6.2)
04| -
40
= |f v > 2.0v,, 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.

7.6.3.3  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 7-5 shows a typical arrangement of
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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 col-
umns respectively.

Typical Studrail Outermost Outermost

(only first and last peripheral line N peripheral line
studs shown) —l_ of studs N— of studs Eree
— - "% \/d/Z

—, d/2 —F-z~ |y edge
N
[ 9 PN % i
1S Q—XP g |<—| 1 S |<—| |
| 1 - - — X <te— X O ) ll
! 0 1i\y i 0 |+
ol = Critical J ',' d/2
section L Y, %4
R centroid  Free /| 4___‘_/ N
edge 4 _X .
Free edge /| lx\y Crltical section
— N~ centroid
Interior Column Edge Column Corner Column

Figure 7-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

7.6.3.4 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.
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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 < 15d (CP 6.1.5.7(f))

Stirrups are only permitted when slab thickness is greater than 200 mm (CP
6.1.5.7(e)).
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Chapter 8
Design for IS 456-2000

8.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the Indian Code IS 456-2000 [IS 2000] is
selected. Various notations used in this chapter are listed in Table 8-1. For ref-
erencing to the pertinent sections of the Indian code in this chapter, a prefix
“1S” followed by the section number is used.

The design is based on user-specified load 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 8-1 List of Symbols Used in the IS 456-2000 Code

Ac Area of concrete, mm?
A Area of section for shear resistance, mm?
Aq Gross cross-sectional area of a frame member, mm?
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Table 8-1 List of Symbols Used in the IS 456-2000 Code

As

A's
Asy
Asy /Sy

ai

az

8-2 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, mm?/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 beam, mm

Effective depth of tension reinforcement, mm

Effective depth of compression reinforcement, mm

Overall depth of a beam or slab, mm

Flange thickness in a flanged beam, 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 beam 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 beam

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 8-1 List of Symbols Used in the IS 456-2000 Code

M Equivalent factored bending moment due to torsion at a section,
N-mm

Me1 Equivalent factored moment including moment and torsion ef-
fects (Me1 = My+My) at a section, N-mm

Mez Residual factored moment when M; > M, at a section applied in
the opposite sense of Me; at a section, N-mm

m Normalized design moment, M/bd? rfex

Sv Spacing of the shear reinforcement along the length of the beam,
mm

Ty Factored torsional moment at a section, N-mm

Vu Factored shear force at a section, N

Ve Equivalent factored shear force including torsion effects, N

Ve Allowable shear stress in punching shear mode, N

Xu Depth of neutral axis, mm

Xu,max Maximum permitted depth of neutral axis, mm

yA Lever arm, mm

a Concrete strength reduction factor for sustained loading, as well

as reinforcement over strength factor for computing capacity
moment at a section

B Factor for the depth of compressive force resultant of the concrete
stress block

S 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

I Partial safety factor for material strength

% Partial safety factor for reinforcement strength

) Enhancement factor of shear strength for compression
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Table 8-1 List of Symbols Used in the IS 456-2000 Code

. max Maximum concrete strain in the beam and slab (= 0.0035)

& Strain in tension steel

&' Strain in compression steel

o 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

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 IS 456-2000, 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 re-
versible, the following load combinations may need to be considered (IS 36.4,
Table 18):

1.5D (IS 36.4.1)

15D +1.5L

1.5D + 1.5S (1S 36.4.1)

1.5D + 1.5(0.75 PL) (IS 31.5.2.3)

1.5D £ 1.5W
0.9D £ 1.5W
12D +1.2L £1.2W
15D + 1.5L £ 1.0W

(IS 36.4.1)

1.5D £ 1.5E

0.9D + 1.5E

12D+ 1.2L+£1.2E (1S 36.4.1)
15D+ 1.5L £ 1.0E
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8.3

8.4

8.4.1

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 SAFE 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 ym 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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of steel for flexure, shear, and torsion based on the beam moments, shear forc-
es, torsion, load combination factors, and other criteria described in the subsec-
tions that follow. The reinforcement requirements are calculated at each station
along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

Effects of Torsion

IS 456, 14.1 states that wherever torsion is required to maintain equilibrium,
beams must be designed for torsion. However, torsion can be ignored for inde-
terminate structures where torsion develops primarily because of compatibility
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8-

6

of deformations. However, the program does not automatically redistribute the
internal forces and reduce torsion. If redistribution is desired, the user should
release the torsional degree of freedom (DOF) in the structural model.

Note that the torsion design can be turned off by choosing not to consider tor-
sion in the Design Preferences.

The beam design procedure involves the following steps:
= Determine design bending moments and shears
= Design flexural reinforcement

= Design shear reinforcement

8.4.1.1 Determine Design Bending Moments and Shears

IS 456 uses a simplified approach and does not require the calculation of shear
stresses produced by torsion separately. Rather, torsion and bending shear are
combined as an equivalent shear Ve, and bending moment and torsion are com-
bined as an equivalent bending moment M.. The beam is checked for adequacy
and then designed for the equivalent moment and shear. If the shear stress
caused by equivalent shear is less than the concrete shear capacity, torsion is
ignored completely and only required minimum shear links are computed. If
the shear stress caused by equivalent shear is more than the concrete shear ca-
pacity, additional longitudinal reinforcement and shear links are computed, as
detailed in the subsections that follow.

8.4.1.2 Determine Factored Moments when Torsion is Excluded

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases with the corre-
sponding load factors.

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

Beam Design
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8.4.1.3 Determine Factored Moments when Torsion is Included

In the design of flexural reinforcement of concrete beams, the factored mo-
ments and torsion for each load combination at a particular beam station are
obtained by factoring the corresponding moments and torsion for different load
cases with the corresponding load factors.

The equivalent moment at a particular station is computed as described in the
text that follows. The beam is then designed for the maximum positive and
maximum negative factored moments obtained from all the of the load combi-
nations. Calculation of bottom reinforcement is based on positive beam mo-
ments. In such cases, the beam may be designed as a rectangular or flanged
beam. Calculation of top reinforcement is based on negative beam moments. In
such cases the beam may be designed as a rectangular or inverted flanged
beam.

The equivalent moment is calculated from the following equation:

Mez = My+M;, where (IS 41.4.2)
M, =Tu(1+1[;/bj (IS 41.4.2)

and D and b are the overall depth and width of the beam, respectively.

If M; exceeds M, additional reinforcement will be computed for the moment
Me2 applied in the opposite sense of My. Effectively, this will result in addition-
al longitudinal reinforcement on the compression face of the beam because the
moment sign is reversed. The additional moment Me; is computed as:

Me2 = M: — M, (IS 41.4.2.1)

8.4.1.4 Determine Factored Shears when Torsion is Excluded

In the design of the beam shear reinforcement, the factored shear forces for
each load combination at a particular beam station are obtained by factoring the
corresponding shear forces for different load cases with the corresponding load
combination factors.
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8.4.2

8-
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8.4.15 Determine Factored Shears when Torsion is Included

In the design of beam shear reinforcement, the factored shear forces for each
load combination at a particular beam station are obtained by factoring the cor-
responding shear forces for different load cases with the corresponding load
combination factors.

The equivalent shear at a particular station is computed as described in the text
that follows. The beam is then designed for the equivalent shear at the station.

When a torsional moment is to be included, the equivalent shear V. is calculat-
ed from the following equation:

V, =V, +1'6(TFUJ (IS 41.3.1)

where b is the width of the beam web.

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam.

8.4.2.1 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.

The design procedure is based on the simplified parabolic stress block shown
in Figure 8-1 (IS 38.1). The area of the stress block, ¢, and the depth of the cen-
ter of the compressive force from the extreme compression fiber, a, are taken
as

¢ = afux (IS 38.1)

a=fx (IS 38.1)
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Figure 8-1 Rectangular Beam Design

where X, is the depth of the neutral axis, and « and g are taken as:
a=0.36 (1S 38.1)
p=042 (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 as-
sumed parabolic stress block (IS 38.1). The S factor considers the depth to the
center of the compressive force.

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). SAFE uses interpolation between these three
values.

fy (MPa) Xy,max /d
250 0.53
415 0.48
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l 500 | 0.46 |
When the applied moment exceeds the moment capacity of the beam as a sin-
gly reinforced beam, the area of compression reinforcement is calculated as-
suming that the neutral axis depth remains at the maximum permitted value.
The maximum fiber compression is taken as:

Somax = 0.0035 (IS 38.1)

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the subsections that follow. It is assumed
that the design ultimate axial force can be neglected; hence all beams are de-
signed for major direction flexure, shear, and torsion only.

8.4.2.2 Design of Rectangular Beams

For rectangular beams, the limiting depth of the neutral axis, Xumax, and the
moment capacity as a singly reinforced beam, Msingie, are obtained first. The re-
inforcement area is determined based on whether My is greater than, less than,
or equal to Msingle.

= Calculate the limiting depth of the neutral axis.

0.53 if f, <250 MPa
f,—250 .
« 0.53-0.05 if 250 < f, <415 MPa
umax _ 165 (1S 38.1)
d f,-415
0.48-0.02 a5 if 415< f, <500 MPa
0.46 if f, > 500 MPa
= Calculate the limiting ultimate moment of resistance as a
singly reinforced beam.
Xu max Xu max 2
Mingle = & d (1—,6”Tj bd“ fy (ISG-1.1)

= Calculate the depth of the neutral axis as:

%, 1-+1-4pm

d 2/

8-10 Beam Design



Chapter 8 - Design for IS 456-2000

where the normalized design moment, m, is given by

M

u

bd *af

— If My < Misingle the area of tension reinforcement, As, is obtained from

A, =(f|>/l—;)z, where (ISG-1.1)
y!' /s
7= d{l—ﬁ);—“}. (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 > Mingie, the area of compression reinforcement, A's, is given by:

M, — M,
Al = u__single (IS G-1.2)

(fsc—O'GHCkJ(d—d')

Vm

where d' is the depth of the compression reinforcement from the concrete
compression face, and

Vs (IS G-1.2)
The required tension reinforcement is calculated as:

I\/Isingle Mu - Iv'single

AS:(fy/?’s)er(fy/ys)(d_d')’ where (1S G-1.2)
ZZd{l_ﬁxugax} (1S 38.1)

As is to be placed at the bottom and A’s is to be placed at the top if My is posi-
tive, and vice versa if M, is negative.
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8.4.2.3 Design of Flanged Beams

8.4.23.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

8.4.2.3.2 Flanged Beam Under Positive Moment

With the flange in compression, the program analyzes the section by consider-
ing 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
calculates the depth of the neutral axis. If the stress block does not extend be-
yond the flange thickness, the section is designed as a rectangular beam of
width by. If the stress block extends beyond the flange depth, the contribution
of the web to the flexural strength of the beam is taken into account. See Figure

8-2.
e = 0.0035 0.67 fulym  0.67 felvm
by Dy [ A -
1
i i A
g %—244 = | 042x,
i s .‘_,_Y_
A | Yoo
X, _
d
Y
r Y
A - = Eg
i bw -
Beam Section Strain Diagram Stress Diagram

Figure 8-2 Design of a T-Beam Section

Assuming the neutral axis lies in the flange, the depth of the neutral axis is cal-
culated as:
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X, 1-\1-4pm

d 25
where the normalized design moment, m, is given by

MU
m=——'—
b,d2af,

d

calculations for As are exactly the same as previously defined for the rectan-
gular beam design (IS G-2.1). However, in this case, the width of the beam is
taken as br. Compression reinforcement is required when My > Mingle.

D
w |f (ﬁjglfj the neutral axis lies within the flange and the subsequent

D
w |f (%) >(Tfj 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 flange, Ct, and the second part is for balancing the compressive
force from the web, Cy, as shown in Figure 8-2.

— Calculate the ultimate resistance moment of the flange as:

M, =0.45f, (b, -b, Jy, [d —%f] (IS G-2.2)

where  is taken as:

D, if D, <0.2d
i = (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:
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X X

Mw,single = Od:ckbwd2 uénax |:1— ﬂ u;:r]nax :| where (|S G-l.l)

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—L— if 415< fy <500 MPa

0.46 if f, > 500 MPa

* If Mw < Musingle, the beam is designed as a singly reinforced concrete beam.
The area of reinforcement is calculated as the sum of two parts, one to bal-
ance compression in the flange and one to balance compression in the web.

M, LM,
f/7s)(d=05y;) (f,/7)z

, where

X, 1-41-4/m
d 28
My
m:—
b,d% fy

= If Mw > Muygsingie, the area of compression reinforcement, A's, is given by:

! MW

-M

(f;—O'GYfCKJ(d—d')

m

w,single

where d' is the depth of the compression reinforcement from the concrete
compression face, and
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' f
fo = Ec.maxEs {1— d }g—y (ISG-1.2)
Xu,max 7/5

The required tension reinforcement is calculated as:

Mf Mw,single MW - Mw,single

fy/j/s)(d—O.S;/f)+ (f,/7s)z +(fy/;/s)(d—d’)

7—d {1— ﬂ—xua”ax }

8.4.2.4 Minimum and Maximum Reinforcement

where

1

The minimum flexural tension reinforcement required in a beam section is giv-
enas (1S 26.5.1.1):

A > 0854 (IS 26.5.1.1)

f

y

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment (IS 26.5.1.1) and the compression reinforcement (IS 26.5.1.2) is imposed
upon request as follows:

0.04bd Rect lar b
< ectangular beam (1S 26.5.1.1)
0.04b,d  Flanged beam
0.04hd Rectangular beam
. < (1S26.5.1.2)
0.04b,d  Flanged beam

8.4.3  Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station, the follow-
ing steps are involved (IS 40.1):

= Determine the design shear stress

= Determine the shear stress that can be resisted by the concrete
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= Determine the shear reinforcement required to carry the balance

8.4.3.1 Design for Shear when Torsion is Excluded

Determine the design nominal shear stress as follows.

= For prismatic sections

VU
= — IS 40.1
" bd ( )
= For non-prismatic sections (beams with varying depth)
WiM%mﬂ
= d—, where (1S 40.1.1)

bd
S = angle between the top and bottom edges of the beam

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:

Maximum Shear Stress, 7 max (MPa)
(1S 40.2.3, IS Table 20)

Concrete Grade M15 | M20 | M25 | M30 | M35 | M40

Zemex (MPa) 25 | 28 | 31 | 35 | 37 | 40

The maximum nominal shear stress, zmax, IS computed using linear interpola-
tion 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)
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where k is the enhancement factor for the depth of the section, taken as 1.0 for
beams, 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 B, >0, Under Compression
o= A, T (1S 40.2.2)

1 if P, <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:

Tc:o.m(%j% (hj% (15 4021
bd 25

The preceding expression approximates IS Table 19. It should be noted that the
value of j 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.

0.15< 10 A

<3 (1S 40.2.1, Table 19)

foac <40 MPa (for calculation purpose only) (1S 40.2.1, Table 19)
Determine required shear reinforcement:
n If v < Td + 04,

% _ 00;? (IS 40.3, 26.5.1.6)

v y

= |f T+ 04< 7, < Tc,max,
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(1S 40.4(a))
A (rv — T ) b
S, 0.87 f,
IS 40.4(a
A, . 04 ( (a))
s, 0.87 fy
» If 7y > 7o max, @ failure condition is declared. (1S 40.2.3)

In calculating the shear reinforcement, a limit is imposed on the f, as:

f, < 415 MPa (IS 40.4)

8.4.3.2 Design for Shear when Torsion is Included

Determine the design nominal shear stress as:

Ve
Te = — 1S 40.1
Tve < Tc,max (|S 4023)

The maximum nominal shear stress, zmax IS determined as defined in the last
section.

Determine required shear reinforcement:
m f 7e < T,

&_ 0.4b
S 0.87f

v y

(IS 41.3, 26.5.1.6)

» If 7ve >7cq, provide 2-legged closed stirrups, taken as the maximum of:

Ay = T, + Vs and
s, Dbd (0.87f) 25d,(0.87f))

v

A —(T(V)e 8_7TfC)b (IS 41.4.3)
S . y

\

(IS 41.4.3)
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8.5

8.5.1

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.

The beam 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 in-
dependently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is completed based on the limit state of collapse (IS 456-2000) for rein-
forced concrete as described in the following sections. To learn more about the
design strips, refer to the section entitled "Design Strips" in the Key Features
and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the de-
sign of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

The design of the slab reinforcement for a particular strip is performed at spe-
cific locations along the length of the strip. Those locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
the element boundaries. The slab flexural design procedure for each load com-
bination involves the following:

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

These two steps, described in the subsections that follow, are repeated for eve-
ry load combination. The maximum reinforcement calculated for the top and
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8.5.2

bottom of the slab within each design strip, along with the corresponding con-
trolling load combination, is obtained and reported.

8.5.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

8.5.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

8.5.1.3 Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (IS 26.5.2):

<

0.0015bD if f, <415MPa
(IS 26.5.2.1)

0.0012bD if f, >415MPa

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).

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 sections.
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8.5.2.1 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 8-4 shows the au-
to punching perimeters considered by SAFE 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 Corner Column
TN T ~
/’—\\\ d/2 ,\ \ |
/,’ N d/2 ~ / \\\ : ~d/2
/ \ | \
! ) { 1 ! 3
\ [} | | 1 I
\ / | 1 1 |
\\ / : || : !
\\\__,// |_ _____________ | !_ __________ I
Circular Column T-Shape Column L-Shape Column

Figure 8-4 Punching Shear Perimeters

8.5.2.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be oM,
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be (1 — o) My (IS 31.6.2.2), where:

a= ! (IS 31.3.3)

1+(2/3)Ja/a,

Slab Design  8-21



SAFE Reinforced Concrete Design

and a; is the width of the critical section measured in the direction of the span
and ay is the width of the critical section measured in the direction perpendicu-
lar to the span.

8.5.2.3 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
section.

8.5.2.4 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 (ys — y1)]['33(Y4 — ys) — |23(X4 — Xa)] _

v, =
bod |22|33 - |232 Eq. 1
YvalMy; =V (X = XI5 (X = %3) = 155 (Vs = Va)]
|22|33 - |232
n —_—
I, = Z I,, , where "sides" refers to the sides of the critical
sides =1
section for punching shear Eq. 2
n —_—
Iy = 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 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 = of\—~—
y2 - 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 (X5,Ys). -—,\/section being considered.
IL—| 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 8-5 Shear Stress Calculations at Critical Sections

The equations for I, 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 8-5.

1, = Ld(y, —y,)?, for side of critical section parallel to 2-axis ~ Eq. 5a

—  Ld® d® 5 . " .
l,=——+—+Ld(y, - , for side of critical section

2= 5 12 (Y2 = Ys)
parallel to 3-axis Eq. 5b

3 3
Iy = % + dl—; +Ld(x, — %;)°, for side of critical section

parallel to 2-axis Eg. 6a
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I, = Ld(x, — X,)?, for side of critical section parallel to 3-axis ~ Eq. 6b

I, = Ld(X, — X,)(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 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

considered

Mu2 = 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, Yo = 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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8.5.3

Xa, Y2 = Coordinates of location where you are calculating stress
we = Percent of My resisted by shear

yva = Percent of Mys resisted by shear

8.5.25 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 SAFE. 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
completed as described in the subsections that follow.

8.5.3.1 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, <157, (1S31.6.3.2)
8.5.3.2 Determine Required Shear Reinforcement
The shear force is limited to a maximum of:

Vinax = 0.5 7, bod (IS 31.6.3.2)

Given Vy, V¢, and Vmax, the required shear reinforcement is calculated as fol-
lows (IS 31.6.3.2).

~ (V,-0.5v,)S

- IS 31.6.3.2, 40.4
A= 087 f,d ( @)
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= If Vy > Vmax, 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.

8.5.3.3 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 8-6 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
_—t _

Interior Column

T, | Fy— X [*% |
i Critical ' )"J/z
i section
MU centroid  Free /| 4 p N
i - edge VT O\X )
y Free edge /| |x\>/ Cnltical section
N | —'\,— centroid

Edge Column Corner Column

Figure 8-6 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 col-
umns respectively.
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8.5.3.4 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 diame-
ter 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

Slab Design 8- 27



Chapter 9
Design for NZS 3101-06

9.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the New Zealand code NZS 3101-06 [NZS
06] is selected. Various notations used in this chapter are listed in Table 9-1.
For referencing to the pertinent sections of the New Zealand code in this chap-
ter, a prefix “NZS” followed by the section number is used.

The design is based on user-specified load 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 9-1 List of Symbols Used in the NZS 3101-06 Code

Aco Area enclosed by perimeter of the section, sq-mm
Acv Area of concrete used to determine shear stress, sg-mm
Aq Gross area of concrete, sg-mm
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9-

2

Table 9-1 List of Symbols Used in the NZS 3101-06 Code

A

Ao

As

A's
As(required)
Ad/s

Ay
Av/s

dp

amax

b
bw
bo
bs

b,

Cob

Ec
Es

Notations

Area of longitudinal reinforcement for torsion, sq-mm
Gross area enclosed by shear flow path, sq-mm

Area of tension reinforcement, sq-mm

Area of compression reinforcement, sg-mm

Area 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, sq-mm

Area of shear reinforcement per unit length, sg-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 9-1 List of Symbols Used in the NZS 3101-06 Code

f'c
f's
fy
fyt
h
hr
Ka

Kq

*

M
Pc
Po

Vmax

Vin
s

a

J7i

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 Ao, mm

Spacing of shear reinforcement along the length, 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
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9.2

9-4

Table 9-1 List of Symbols Used in the NZS 3101-06 Code

Be

&

&c,max

W

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

Strain in concrete

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

Strain in reinforcement

Strength reduction factor for bending

Strength reduction factor for shear and torsion
Fraction of unbalanced moment transferred by flexure

Fraction of unbalanced moment transferred by eccentricity of
shear

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
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 re-
versible, the following load combinations may need to be considered (AS/NZS
1170.0, 4.2.2):

(AS/NZS 1170.0, 4.2.2(a))

1.2D + 1.5L (AS/NZS 1170.0, 4.2.2(b))
1.2D + 1.5(0.75 PL) (AS/NZS 1170.0, 4.2.2(b))
1.2D +0.4L + 1.0S (AS/NZS 1170.0, 4.2.2(g))
1.2D + 1.0W (AS/NZS 1170.0, 4.2.2(d))
0.9D + 1.0W (AS/NZS 1170.0, 4.2.2(e))
1.2D + 0.4L + 1.0W (AS/INZS 1170.0, 4.2.2(d))
1.0D + 1.0E (ASINZS 1170.0, 4.2.2(f))
1.0D +0.4L + 1.0E (AS/INZS 1170.0, 4.2.2(f))

Design Load Combinations
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9.3

9.4

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 SAFE whenever the NZS 3101-06 code is used. If roof live
load is treated separately or if other types of loads are present, other appropri-
ate load combinations should be used.

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 f'c and f, beyond the given limits, provided special
study is conducted (NZS 5.2.1).

SAFE enforces the upper material strength limits for flexure and shear design
of beams and slabs or for torsion design of beams. The input material strengths
are taken as the upper limits if they are defined in the material properties as be-
ing greater than the limits. The user is responsible for ensuring that the mini-
mum 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:

@ = 0.85 for flexure (NZS 2.3.2.2)
@ = 0.75 for shear and torsion (NZS 2.3.2.2)

These values can be overwritten; however, caution is advised.
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9.5

9.5.1

9-

6

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the subsections that follow. The reinforcement requirements are calculated at
each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Design Beam Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

95.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

The beam is then designed for the maximum positive and maximum negative
factored moments obtained from all of the load combinations. Calculation of
bottom reinforcement is based on positive beam moments. In such cases, the
beam may be designed as a rectangular or flanged beam. Calculation of top
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reinforcement is based on negative beam moments. In such cases the beam
may be designed as a rectangular or inverted flanged beam.

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 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 9-1 (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 ca-
pacity at the balanced condition, the area of compression reinforcement is cal-
culated assuming that the additional moment will be carried by compression re-
inforcement and additional tension reinforcement.

£=0.003 af;

A

d
$—o e
A

BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 9-1 Rectangular Beam Design
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9-

8

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not exceed (0.1
f'c Ag), axial force is ignored; hence, all beams are designed for major direc-
tion flexure, shear, and torsion only. Axial compression greater than 0.1 f'c Ag
and axial tensions are always included in flexural and shear design.

9.5.1.2.1 Design of Rectangular Beams

In designing for a factored negative or positive M (i.e., designing top or bot-
tom reinforcement), the depth of the compression block is given by a (see Fig-
ure 9-1), where,

a=d- /dz—ﬂ,—qulb (NZS 7.4.2)
1" ¢

where the default value of ¢ is 0.85 (NZS 2.3.2.2) in the preceding and fol-
lowing equations. The factor a.; is calculated as follows (NZS 7.4.2.7):

a, =085 for f_ <55MPa
a, =0.85-0.004(f; —55) for f_,>55MPa, 0.75<¢,<0.85

The value $1 and ¢y, are calculated as follows:

£,=085 for f, <30, (NZS 7.4.2.7)
S, =0.85-0.008(f. —30), 0.65< /3, <0.85 (NZS 7.4.2.7)
Cp=— 0 (NZS 7.4.2.8)
" et 1, JE, e

The maximum allowed depth of the rectangular compression bloack, amax, is
given by:

amax = 0.751Cs (NZS 7.4.2.7,9.3.8.1)

» If a < amax (NZS 9.3.8.1), the area of tension reinforcement is give by:
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*

A-—F s
ai6-3)

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

= If a > amx (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 = ou f/, Damax (NZS 7.4.2.7)

and the moment resisted by concrete compression and tension reinforcement

IS:
* a
e=C|d - Tmex
e

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

M*s = M* - M*c
The required compression reinforcement is given by:

*

Ay =— ',VIS — , where
(fi—eyfr)(d—d)g
, c-d'
fe= gc,maxEs|: }g f, (NZS7.4.2.2,7.4.2.4)
c
The required tension reinforcement for balancing the compression in the con-
crete is:
M
Ast =

m[d—gﬂj%
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and the tension reinforcement for balancing the compression reinforcement is
given by:
M¢
f,(d-d)4,
Therefore, the total tension reinforcement, As = Aa + As2, and the total com-

pression reinforcement is A's. A 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.

Asr =

9.5.1.2.2 Design of Flanged Beams

9.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

9.5.1.2.2.2 Flanged Beam 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 previous-
ly defined for the rectangular beam design. However, in this case the width
of the beam 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 9-2.
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£=0.003 ' a,f!
by M - LI A
I;_ o
d | f. C, )
AL - T *~—c,
c
d \
r ® ! L S
As — & s w f
~ b,
(1) BEAM (I STRAIN (1) STRESS
SECTION DIAGRAM DIAGRAM
Figure 9-2 Design of a T-Beam Section
Cs is given by:

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

. d
M =C, (d _?sj%

Therefore, the balance of the moment, M”, to be carried by the web is:
M*W — M* _ M*f

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

a,=d— /dz—ﬂ (NZS7.4.2)
o fodib,
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= If a1 < amax (NZS 9.3.8.1), the area of tension reinforcement is then given by:

wilo-3)
As=As + A

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

= 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:
Cuw = febyama (NZS 7.4.2.7)

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

M =Cw£d— a“;*j;ﬁb

The moment resisted by compression and tension reinforcement is:
M*s = M*w - M*c
Therefore, the compression reinforcement is computed as:

*

M,

wh
(F—af)(d—d)g

A, =

s = €c.max

f! E, {C —d } <f, (NZS 7.4.2.2,7.4.2.4)
c
The tension reinforcement for balancing compression in the web concrete is:

Asr =
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9.5.2

and the tension reinforcement for balancing the compression reinforcement
Is:

M¢
f,(d-d)g,
Total tension reinforcement is As = As1 + As2 + 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.

Asz =

95.1.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the maximum of the two limits:

A > {E b, d (NZS 9.3.8.2.1)
y
A >14 b¥d (NZS 9.3.8.2.1)

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

- 0.04bd Rectangular beam
~10.04b,d  Flanged beam

f < 0.04bd  Rectangular beam
7 10.04b,d  Flanged beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam major shear, the following steps are involved:

= Determine the factored shear force, V'.
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= 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.

95.2.1 Determine Shear Force and Moment

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam section are obtained by factoring the corre-
sponding shear forces for different load cases with the corresponding load
combination factors.

9.5.2.2 Determine Concrete Shear Capacity

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

Ve = Ve Aw (NZS 9.3.9.3.4)
The allowable shear stress capacity is given by:

Ve = Ka Ka Kn Vi (NZS 9.3.9.3.9)

The basic shear strength for a rectangular section is computed as,

W= {0.07 +10 b':sd} A fL, where (NZS 9.3.9.3.4)
f. <50 MPa, and (NZS 9.3.9.3.4)
0.08 2/, <w< 024/f, (NZS 9.3.9.3.4)
where

1.0, normal concrete
A=40.85, sandlight-weight concrete (NZS9.3.9.3.5)

0.75, alllight-weight concrete
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The factor ki 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 ka shall be taken as 0.85. Interpolation is used between
these limits. The program default for ks is 1.0.

0.85, ay <10mm
ay—10
k, =<0.85+0.15 , g <20mm (NZS 9.3.9.3.4)
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, kq = 1.0

= For members with an effective depth equal to or smaller than 400 mm,
ke = 1.0 (NZS 9.3.9.3.4)

= For members with an effective depth greater than 400,
ky =(400/d)"* 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).

1, N =0
k, = 1+3( Nf.], N">0 (NZS 10.3.10.3.1)
Cc
1+12 N‘ ., N"<0
A fo

9.5.2.3 Determine Required Shear Reinforcement

The average shear stress is computed for rectangular and flanged sections as:
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*

V= — (NZS 7.5.1)

v
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),

A
— =0 (NZS 9.3.9.4.13)
S
"1 g (v, /2) < V' < gom,
A
— = L f’cb—W (NZS 7.5.10, 9.3.9.4.15)
s 16 f,
" If gsve < V' < s Vinax, (NZS 9.3.9.4.2)
i: (V* - svc)
S ¢, f,d
= If V' > vinax, a failure condition is declared. (NZS 7.5.2,9.3.9.3.3)

If the beam 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 A,/s values, obtained from each load
combination, is reported along with the controlling shear force and associated
load combination.

The beam 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 in-
dependently of the program by the user.
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9.5.3

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in
designing the longitudinal and shear reinforcement for a particular station due
to the beam torsion:

= Determine the factored torsion, T".
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

Note that the torsion design can be turned off by choosing not to consider tor-
sion in the Design Preferences.

95.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination
factors.

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design T" is permitted to be reduced in accordance with the code (NZS 7.6.1.3).
However, the program does not automatically redistribute the internal forces
and reduce T". If redistribution is desired, the user should release the torsional
degree of freedom (DOF) in the structural model.

9.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Aco, Ao, Pc, Po, e, and to
are calculated. These properties are described in the following (NZS 7.1).

Ac = Areaenclosed by outside perimeter of concrete cross-section
A, = Gross area enclosed by shear flow path
pc = Outside perimeter of concrete cross-section
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po = Perimeter of area A,
. =

section
e =

enclosed by the shear flow path

Assumed wall thickness of an equivalent tube for the gross

Assumed wall thickness of an equivalent tube for the area

In calculating the section properties involving reinforcement, such as Ao, po,
and to, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 50 mm. This is equivalent
to a 38-mm clear cover and a 12-mm stirrup. For torsion design of flanged
beam sections, it is assumed that placing torsion reinforcement in the flange ar-
ea is inefficient. With this assumption, the flange is ignored for torsion rein-
forcement calculation. However, the flange is considered during T.- calcula-
tion. With this assumption, the special properties for a rectangular beam sec-

tion are given as:

A = bh
Ao = (b—-2c)(h-2c)
p. = 2b+2h

po = 2(b-2c)+2(h-2c)
tt = 0.75A¢/po
to = 0.75 Aco/pc

(NZS 7.1)
(NZS 7.1)
(NZS 7.1)
(NZS 7.1)
(NZS 7.1)
(NZS 7.1)

where, the section dimensions b, h, and ¢ are shown in Figure 9-3. Similarly,

the special section properties for a flanged beam section are given as:

A = buh + (bi—bu)h

A, = (bw-2c)(h-2c)

pc = 2bs+2h

Ppo = 2(h-2c)+2(bw—2c)
t. = 0.75Ao/po

to = 0.75Aco/pc
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—Pp C}tb—ZC»{C{— ‘7bf4>
C 1o 0 [ hy o O T
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<« b,—»
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 9-3 Closed stirrup and section dimensions for torsion design

where the section dimensions by, bw, h, hr, and ¢ for a flanged beam are shown
in Figure 9-3. Note that the flange width on either side of the beam web is lim-
ited to the smaller of 3h: (NZS 7.6.1.7).

9.5.3.3 Determine Critical Torsion Capacity

The critical torsion capacity, Ter, for which the torsion in the section can be
ignored is calculated as:

T, =¢0.1At f', (NZS 7.6.1.2)

where A and t; are as described in the previous section, and f'c is the specified
concrete compressive strength. The stress caused by torsion should also be lim-
ited in order to ignore torsion, defined as:

¢2TAot <0.08,/f", (NZS 7.6.1.3)
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95.3.4 Determine Torsion Reinforcement

If the factored torsion, T", is less than the threshold limit, Ter, and meets the tor-
sion stress limit, torsion can be safely ignored (NZS 7.6.1). In that case, the
program reports that no torsion reinforcement is required. However, if T" ex-
ceeds the threshold limit, it is assumed that the torsional resistance is provided
by closed stirrups and longitudinal bars (NZS 7.6.4.1).

= If T" > Ter and/or the torsion stress limit is not met, the required closed stirrup
area per unit spacing, A:/s, is calculated as:

v, t
ﬁ: tn-o (NZS7.6.4.2)

A = JuloPo (NZS 7.6.4.3)

where the torsional shear stress vy, is defined as:

*

T
th =
P2AL,

The minimum closed stirrups and longitudinal reinforcement shall be such that
the following is satisfied, where A¢/s can be from any closed stirrups for shear
and A can include flexure reinforcement, provided it is fully developed.

AA _LOAL (NZS 7.6.2)
\/ sp, f, A

An upper limit of the combination of V" and T" that can be carried by the sec-
tion is also checked using the equation:

(NZS 7.6.1.6)

V, +V,, <min(0.2f'.,8 MPa) (NzS 7.6.1.8,7.5.2)
For rectangular sections, by is replaced with b. If the combination of V" and T"

exceeds this limit, a failure message is declared. In that case, the concrete sec-
tion should be increased in size.
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9.6

9.6.1

The maximum of all of the calculated A; and A:/s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is completed based on the ultimate strength design method (NZS 3101-06)
for reinforced concrete as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. These moments will always be in static equilibrium with the
applied loads, irrespective of the refinement of the finite element mesh.

The design of the slab reinforcement for a particular strip is performed at spe-
cific locations along the length of the strip. Those locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
the element boundaries. The slab flexural design procedure for each load com-
bination involves the following:

= Determine factored moments for each slab strip.

= Design flexural reinforcement for the strip.

These two steps, described in the subsections that follow, are repeated for eve-
ry load combination. The maximum reinforcement calculated for the top and
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bottom of the slab within each design strip, along with the corresponding con-
trolling load combination, is obtained and reported.

9.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

9.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

9.6.1.3 Minimum and Maximum Slab 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 £, <500 MPa
AT (NZS 12.5.6.2, 8.8.1)

0.0014bh  f, >500 MPa

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 consider
crack control. Any minimum requirements to satisfy crack limitations must be
investigated independently of the program by the user.
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9.6.2

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.

9.6.2.1  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 concen-
trated loads, the critical area is taken as a rectangular area with the sides paral-
lel to the sides of the columns or the point loads (NZS 12.7.1(b)). Figure 9-4
shows the auto punching perimeters considered by SAFE for the various col-
umn shapes. The column location (i.e., interior, edge, corner) and the punching
perimeter may be overwritten using the Punching Check Overwrites.

d/2

Interior Column Edge Column Corner Column
ST N T
,/’/ ‘\\ d/2 d/2 . N : d/2
/ N / N | A
\, I N\
! | { \ I 3
\ | [ I [ |
\ / ! [ ! I
. ; : ! } I
RN - L~y ___1 S S i
Circular Column T-Shape Column L-Shape Column

Figure 9-4 Punching Shear Perimeters

9.6.2.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be v M”
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be y, M", where
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1

ve = (NZS 12.7.7.2)
1+(2/3)\/b, /b,

Ww=1- L (NZS 12.7.7.1)

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

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 per-
pendicular to the span.

9.6.2.3 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as the minimum of the
following three limits:

1, 2) =
g(“z}/fi

v, =min %(uo;—d}/T (NZS 12.7.3.2)
0

N
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
o5 is a scale factor based on the location of the critical section.

20 for interior columns,
o, =415 for edge columns, (NZS 12.7.3.2(b))
10 for corner columns.

A limit is imposed on the value of |/ f as follows:

AJT <4100 (NZS 9.3.9.3.5(6))
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9.6.2.4 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 n }/VZ[M; _V*(ys B y1)]['33(Y4 B ys) B |23(X4 _Xs)] _

Vi = 5
bod (P P DY Eq.1
7/V3[M; _V*(Xs B X1)] [|22(X4 - Xs) - |23(y4 - Y3)]
|22|33 o |232
n —_—
I, = Z l,,, where "sides" refers to the sides of the critical
sides=1
section for punching shear Eq. 2
n —_—
Iy = 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

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 9-5.

I,, = Ld(y, —y,)?, for side of critical section parallel to 2-axis ~ Eq. 5a

= Ld® d’ 2 _ " :
2 =75 + 1 + Ld(y, —,)°, for the side of the critical section

parallel to the 3-axis Eq. 5b
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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 (X5,Ys). -—,\/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 9-5 Shear Stress Calculations at Critical Sections

- Ld® d 2 : . )
Iy = TS + ET) + Ld(x, —y;)°, for the side of the critical section

parallel to the 2-axis

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

I, = Ld(X, — X,)(Y, — Ys) , for the side of the critical section
parallel to the 2-axis or 3-axis

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, Y2 = Coordinates of center of one side of critical section for punching shear
X3, Y3 = Coordinates of centroid of critical section for punching shear

Xa, Y2 = Coordinates of location where you are calculating stress

we = Percent of My resisted by shear

ws = Percent of Mys resisted by shear
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9.6.3

9.6.2.5 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 SAFE. 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 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
performed as described in the subsections that follow.

9.6.3.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is determined as:

v, :%1/ f, (NZS 12.7.3.5)

9.6.3.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of:
Vmax = 0.5/, (NZS 12.7.3.4)

Given V", V¢, and Vmay, the required shear reinforcement is calculated as follows,
where, ¢, is the strength reduction factor.
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ﬂ _ (Vn _VC)
s —¢ fyvd (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 vih > @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.

9.6.3.3 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 9-6 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
-—]— - 42 - / edge
/ kL l,
.’ b S |
VaAR |
! |
| I I — Eh— X O % I‘_| |
1 O. —»I :4—
In—] 1 —k), Critical ') d/2
section /
centroid  Free /| 4 P IZANN
- edge VT O\ _
Free edge /| |x\>/ Crltical section
M —'\,— centroid
Interior Column Edge Column Corner Column

Figure 9-6 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
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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 col-
umns respectively.

9.6.3.4 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, be-
tween 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 10
Design for Singapore CP 65-99

10.1

Notations

This chapter describes in detail the various aspects of the concrete design
procedure that is used by SAFE when the Singapore standard, Structural Use of
Concrete code CP 65-99 [CP 99], is selected. The program also includes the
recomendations 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 10-1. 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 10-1 List of Symbols Used in the CP 65-99 Code

Aq Gross area of cross-section, mm?
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Table 10-1 List of Symbols Used in the CP 65-99 Code

A

h max

10-2 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?
Total cross-sectional area of closed links for torsion, mm?

Area of shear reinforcement per unit length of the member,
mm?/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 beam, 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, M, /bd?fe,
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Table 10-1 List of Symbols Used in the CP 65-99 Code

Kl
ka

ka

M
Msingle

Sv

Ve
Vmax

Vi

Xbal

Do

Jm
&

&s

2
cu

Maximum bdMu for a singly reinforced concrete section
Shear strength enhancement factor for support compression
Concrete shear strength factor, [ f,, /30]%

Design moment at a section, N-mm

Limiting moment capacity as singly reinforced beam, N-mm
Spacing of the links along the length of the beam, 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 beam 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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10.2

10.3

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
obtained by multiplying the characteristic loads by appropriate partial factors
of safety, yr (CP 2.4.1.3). If a structures is subjected to dead (D), live (L), pat-
tern live (PL), and wind (W) loads, and considering that wind forces are re-
versible, the following load combinations may need to be considered (CP
2.4.3).

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 SAFE 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, feu, 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 beams
and slabs or for torsion design of beams. 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.
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10.4

10.5

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 j, used in the program are listed in the table that follows and are tak-
en 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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the subsections that follow. The reinforcement requirements are calculated at
each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement
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10.5.1

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

10.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases with the corre-
sponding load factors.

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

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 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 10-1 (CP 3.4.4.4), where & is defined as:

0.0035 if f, <60MPa

cu —

£, = f _60 (CP 253, BC2.2)
¢ o.ooss—w if f,>60MPa
50000
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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 —
%s 04 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
remains at the maximum permitted value.

The depth of the compression block is given by:
0.9x for f, <60 N/mm?®

a=108x for 60<f, <75N/mm? (CP 3.4.4.4,BC2.2)
0.72x for 75<f, <105N/mm®

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not ex-
ceed (0.1f.wAg) (CP 3.4.4.1), axial force is ignored; hence, all beams are de-
signed for major direction flexure, shear, and torsion only. Axial compression
greater than 0.1f.wAg g and axial tensions are always included in flexural and
shear design.

10.5.1.2.1 Design of Rectangular Beams

For rectangular beams, the limiting moment capacity as a singly reinforced
beam, Misingee, 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
10-1.

Calculate the ultimate limiting moment of resistance of the section as singly re-
inforced.

Msingie = K'fou bd?, where (CP3.4.4.4)
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< 0.67f, /7m
- b _.f . #,_,’ _
x ' 3 T
/ / (I’ X " f
d
® ® Ly
w L
A &
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 10-1 Rectangular Beam Design

0.156 for f  <60N/mm?

cu —

K'=40.120 for 60 < f. <75N/mm?

cu —

0.094 for 75< f. <105N/mm? and no moment redistribution.

cu —

» If M < Msingie, the area of tension reinforcement, As, is given by:

M
=————, Where CP3.4.44
A 0.87f,z ( )
/ K
Z= d(0.5+ O.ZS—E} <0.95d (CP3.4.4.4)
M

K=—— CP34.4.4
f bd? ( )

cu
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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 > Msingle, cOMpression reinforcement is required and calculated as fol-
lows:

M- I\/Isingle

A, =
Ef's—o'mfmJ(d—d’)

Vm

(CP 3.4.4.4)

where d' is the depth of the compression reinforcement from the concrete
compression face, and

f =0871, if 4/ <—{1——} (CP3.4.4.1,25.3, Fig2.2)

f 2d . d’ 1 fy .
fr=Ee [1-<% |ifd/ > 2|1- L | (CP3.4.4.4,253 Fig22
“ { d } Z 2{ 800 | 922)

The tension reinforcement required for balancing the compression in the
concrete and the compression reinforcement is calculated as:

Msingle M- Msingle
0.87fz 0.87f (d—d’)’

d(o 5+ 0. 25—%} <0.95d (CP 3.4.4.4)

10.5.1.2.2 Design of Flanged Beams

A = where (CP3.4.4.4)

10.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.
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10.5.1.2.2.2 Flanged Beam Under Positive Moment

With the flange in compression, the program analyzes the section by consider-
ing 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 calcu-
lates the exact depth of the neutral axis. If the stress block does not extend be-
yond the flange thickness, the section is designed as a rectangular beam of
width by. If the stress block extends beyond the flange width, the contribution
of the web to the flexural strength of the beam is taken into account. See Figure
10-2.

0.67f,/7m 0.67f,/7m

h %
Fib,g. [ » .
V ] id’ f! C \
A T | ) - Cy
X
d N
* ¢,
oo j IO I S
A s, Ts T T,
- b, -
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 10-2 Design of a T-Beam Section

Assuming the neutral axis to lie in the flange, the normalized moment is given
by:

M

cu ~f

Then the moment arm is computed as:
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z=d {o.5+ ‘/0.25—%} <0.95d (CP 3.4.4.4)

the depth of neutral axis is computed as:

d-z
0.45

d—‘é, for 60<f, <75N/mm?  (CP3.4.4.4, BC 2.2, Fig 2.3)

, for f . <60N/mm?

cu —

0.

d-z »
——, for 75<f, <105N/mm
0.36

and the depth of the compression block is given by:

0.9x for f,, <60 N/mm®

a=4{0.8x for 60<f, <75N/mm? (CP3.4.4.4,BC 2.2, Fig2.3)
0.72x for 75<f, <105N/mm?

= If a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in this case the width
of the beam is taken as bs. Compression reinforcement is required when K >
K'.

= |[fa>hg,
If M < g feubd? and h¢ < 0.45d then,

M +0.1f,,bd(0.45d -, )

,wh BS 3.4.4.5
0.87f,(d-0.5h, ) e ( )
he(. b h, b
p;=045—"[1-2w 1L 015w (BS 3.4.4.5)
d " b7 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 balanc-
ing the compressive force from the web, Cy, as shown in Figure 10-2.
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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:

Kw = % (CP 3.4.4.4)

= If Ky < 0.156 (CP 3.4.4.4), the beam is designed as a singly reinforced con-
crete beam. 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+ 0.25—& <0.95d
\ 0.9

v 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 b d? (CP3.4.4.4)

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:

Al = Mw B I\/Iuw

(f;_omfwj(d_d,)

Vm
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where, d' is the depth of the compression reinforcement from the concrete
compression face, and

v . d' - Yy .
f'.=0.87f, |f/és2 1 (CP 3.4.4.4, 2.5.3, Fig 2.2)

' ' [ f
f's:Esg{l—%} ifd/ st (CP3.4.4.4,2.5.3, Fig 2.2)

The area of tension reinforcement is obtained from equilibrium as:

1 Mf Muw MW_MUW
= + +
087f,|d-05h,  z  d-d'

z=d| 0.5+ /0.25—L <0.95d
0.9

10.5.1.3 Minimum and Maximum Reinforcement

A

The minimum flexural tension reinforcement required in a beam section is giv-
en by the following table, which is taken from CP Table 3.27 (CP 3.12.5.3)
with interpolation for reinforcement of intermediate strength.

Definition of Minimum percentage
Section Situation percentage fy =250 MPa | f, = 460 MPa
AS
Rectangular — 100 — 0.24 0.13
bh
b, <0.4 | 100 A
T- or L-Beam b, b, h 0.32 0.18
with web in b A
fension —204 | 100 — 0.24 0.13
b, b,h
T-Beam with A
web in _ 100 —> 0.48 0.26
compression b,h
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L-Beam with
web in _ 100 — 0.36 0.20
compression b,h

The minimum flexural compression reinforcement, if it is required, provided in
a rectangular or flanged beam is given by the following table, which is taken
from CP Table 3.27 (CP 3.12.5.3).

Definition of Minimum
Section Situation percentage percentage
A!
Rectangular — 100 — 0.20
J bh
A
Web in tension 100 b.h 0.40
Ny
T- or L-Beam ;
As
Web in compression 100 b h 0.20
w

For fou > 40 MPa, the minimum percentage shown in CP Table 3.27 shall be

2/3
multiplied by a factor of ( f%o) (CP 3.12.5.3,BC 2.2).

An upper limit of 0.04 times the gross cross-sectional area on both the tension
reinforcement and the compression reinforcement is imposed upon request (CP
3.12.6.1).

10.5.2 Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam major shear, the following steps are involved (CP 3.4.5):

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

10.5.2.1 Determine Shear Stress

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam station are obtained by factoring the corre-
sponding shear forces for different load cases with the corresponding load
combination factors. The shear stress is then calculated as:

vV (CP3.452)

b,d
The maximum allowable shear stress, Vimax is defined as:
Viax = Min (0.8 T, , 7 MPa). (CP 3.4.5.2)
For light-weight concrete, Vmax is defined as:

Vmax = Min(0.63/ f,, , 4 MPa) (CP Part 2 5.4)

10.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:

NVh N

Vi, =v,+0.6 v [1+—— (CP3.4.5.12)
AV,
7 b
Vv, = 084Kk, [ 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)
b 7
kz = A 1<k < 80 (CP3.45.4)
30 30
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yn=1.25 (CP 2.4.4.1)

However, the following limitations also apply:

0.15< % <3 (CP 3.4.5.4, Table 3.9)

400\ . .
T > 0.67 (unreinforced) or > 1 (reinforced)(CP 3.4.5.4, Table 3.9)

feu < 80 MPa (for calculation purpose only) (CP 3.4.5.4, Table 3.9)
\Ii/l—hgl (CP3.45.12)

As is the area of tension reinforcement

10.5.2.3 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, v, as:

0.4 if f  <40N/mm?

cu —

o V.= f 4 (CP 3.4.5.3, Table 3.8)
0.4( °%o) if 40< f. <80N/mm?

cu —

f,, <8ON/mm? (for calculation purpose only) ~ (CP 3.4.5.3, Table 3.8)

= [fv<vi+vy,

A__vb (CP3.45.3, Table 3.8)
s, 087f,

v

= |fv>V+ vy,
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10.5.3

v—-v'. )b
Ay =@ (CP 3.4.5.3, Table 3.8)
S, 0.87f,,
= |f v > vimax, a failure condition is declared. (CP3.45.2)

In the preceding expressions, a limit is imposed on the fy, as
fyv <460 MPa (CP3.45.1)

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.

The beam 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 in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the torsional shear stress, v:.

= Determine special section properties.

= Determine critical torsion stress.

= Determine the torsion reinforcement required.

Note that references in this section refer to CP 65:Part 2.
10.5.3.1 Determine Torsional Shear Stress

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
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torsions for different load cases with the corresponding load combination fac-
tors.

In typical framed construction, specific consideration of torsion is not usually
required where torsional cracking is adequately controlled by shear reinforce-
ment. If the design relies on the torsional resistance of a beam, further consid-
eration should be given using the following sections (CP Part 2 3.4.5.15).

The torsional shear stress, v, for a rectangular section is computed as:

v = 2T
v hriin (hmax - hmin /3)

For flanged sections, the section is considered as a series of rectangular seg-
ments and the torsional shear stress is computed for each rectangular compo-
nent using the preceding equation, but considering a torsional moment attribut-
ed to that segment, calculated as:

(CPPart22.4.4.1)

h® h
T, =T 7—)“““ max (CP Part22.4.4.2)
e [Z hr?win hmax J
hmax = Larger dimension of a rectangular section
hmin = Smaller dimension of a rectangular section

If the computed torsional shear stress, vi, does not satisfy the following limit
for sections with a larger center-to-center dimension of the closed link less than
550 mm, a failure condition is generated:

v, <min(08,/, ,7N/mm2)x5% (CP Part 2 2.4.5)

10.5.3.2 Determine Critical Torsion Stress

The critical torsion stress, vimin, for which the torsion in the section can be
ignored is calculated as:

Vimia = Min0.067/f,, ,0.6N/mm? (CP Part 2 2.4.6)
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where fe, is the specified concrete compressive strength.

For light-weight concrete, Vi min is defined as:

Vi min = min(0.067 f ,0.6N/mm2)>< 08 (CP Part 2 5.5)

10.5.3.3 Determine Torsion Reinforcement

If the factored torsional shear stress, vi, is less than the threshold limit, vimin,
torsion can be safely ignored (CP Part 2 2.4.6). In that case, the program re-
ports that no torsion reinforcement is required. However, if v; exceeds the
threshold limit, vimin, it is assumed that the torsional resistance is provided by
closed stirrups and longitudinal bars (CP Part 2 2.4.6).

= If vi > Vimin, the required closed stirrup area per unit spacing, Asv /Sy, is cal-
culated as:

At _ T
s, 08xy,(0.87f,)

(CP Part 2 2.4.7)

\

and the required longitudinal reinforcement is calculated as:

— Asv,t fyv (Xl + yl)
s, f,

A (CP Part22.4.7)

In the preceding expressions, x1 is the smaller center-to-center dimension of the
closed link and y; is the larger center-to-center dimension of the closed link.

An upper limit of the combination of v and v; that can be carried by the section
also is checked using the equation:

VY, < min(o.s f., ,7N/mm2) (CP Part 2 2.4.5)

If the combination of v and v; exceeds this limit, a failure message is declared.
In that case, the concrete section should be increased in size.

The maximum of all of the calculated A; and As /sy values obtained from each
load combination is reported along with the controlling combination.
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The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

—pCie—b-2cPCle— L D J— bf"
Y ¥
c
N ] ‘. —
h—2c h h h-2c
l o] O J @) @)
c c
* ‘Hb —> b, —2c/¢
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 10-3 Closed stirrup and section dimensions for torsion design

10.6  Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The
moments for a particular strip are recovered from the analysis and a flexural
design is completed based on the ultimate strength design method (CP 65-99)
for reinforced concrete as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.
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10.6.1 Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
displacement vectors. These moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

The design of the slab reinforcement for a particular strip is performed at spe-
cific locations along the length of the strip. Those locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
the element boundaries. The slab flexural design procedure for each load com-
bination involves the following:

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

These two steps described in the subsections that follow are repeated for every
load combination. The maximum reinforcement calculated for the top and bot-
tom of the slab within each design strip, along with the corresponding control-
ling load combination, is obtained and reported.

10.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

10.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
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10.6.2

design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

10.6.1.3 Minimum and Maximum Slab 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 interpo-
lation for reinforcement of intermediate strength:

0.0024bh if f, =250 MPa
> (CP3.12.5.3)

0.0013bh if f, =460 MPa

For fe, > 40 N/mm?, the preceding minimum reinforcement shall be multiplied
by (fe./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).

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.

10.6.2.1 Ciritical 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 con-
centrated 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 10-4
shows the auto punching perimeters considered by SAFE for the various col-
umn shapes. The column location (i.e., interior, edge, corner) and the punching
perimeter may be overwritten using the Punching Check Overwrites.

10.6.2.2 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as (CP 3.7.7.4, 3.7.7.6):
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% %
v, = 0.84k K, [100Asj (400j (CP 3.4.5.4, Table 3.9)
7o\ bd d

kq is the enhancement factor for support compression,
and is conservatively taken as 1 (CP 3.45.8)

Interior Column Edge Column Corner Column
ST \ ImT T ~
~-—~~_ 15d ~, AN |
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Figure 10-4 Punching Shear Perimeters

f %
ko = (5) 1<ko< (_j (CP 3.4.5.4, Table 3.9)

Ym =125 (CP3.45.2)
However, the following limitations also apply:

0.15< 100 A,

<3 (CP 3.4.5.4, Table 3.9)
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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)

v<min (0.8,/f,, 7 MPa)

feuw < 80 MPa (for calculation purpose only)

(CP Part 2 5.4)

(CP 3.4.5.2, Table 3.9)

(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.

10.6.2.3 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:

Vo =V[f +1'5MX]
1 Vy

Veff X
ud
Ve = Max
eff ,y
ud
where,

u is the perimeter of the critical section,
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10.6.3

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 col-
umn 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=<125 for edge columns, and (CP3.7.6.2,3.7.6.3)
1.25  for corner columns.

10.6.2.4 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 SAFE. 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
3.7.7.5). If the slab thickness does not meet this requirement, 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
completed as described in the following subsections.
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10.6.3.1 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.

10.6.3.2 Determine Required Shear Reinforcement

The shear stress is limited to a maximum of;

Vimax = 2V¢ (CP3.7.7.5)
Given v, v, and Vmax, the required shear reinforcement is calculated as follows
(CP 3.7.7.5).
= Ifv<1.6vc,

A, _ (v-v)ud _ 0.4ud

= > , (CP3.7.7.5)
S 0.87 f,, 0.87f,
= |f1.6vc<v<2.0v,
5(0.7v—-v_)ud
A _S( JJud | 0.4ud , (CP3.7.7.5)
S 0.87f, 0.87 f,,
= |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.

10.6.3.3 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 10-5 shows a typical arrangement
of shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.
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Figure 10-5 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
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 col-
umns respectively.

10.6.3.4 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 diame-
ter 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-
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ceed 1.5d. The limits of s, and the spacing, s, between the peripheral lines are

specified as:
s, < 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 11
Design for AS 3600-09

11.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the Australian code AS 3600-2009 [AS
2009] is selected. Various notations used in this chapter are listed in Table 11-
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 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 11-1 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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Table 11-1 List of Symbols Used in the AS 3600-2009 Code

Ast

Ast(required

dp

amax

bef

dom

Ds
Ec
Es

c

f 'cf

11-2 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 11-1 List of Symbols Used in the AS 3600-2009 Code

fov

&

&, 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 beam, 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 11-1 List of Symbols Used in the AS 3600-2009 Code

& Strain in reinforcement

¢ Strength reduction factor

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

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. For AS 3600-09, 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 re-
versible, 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 SAFE 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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11.3

11.4

Limits on Material Strength

The upper and lower limits of f'c are 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).

SAFE enforces the upper material strength limits for flexure and shear design
of beams and slabs or for torsion design of beams. The input material strengths
are taken as the upper limits if they are defined in the material properties as be-
ing greater than the limits. The user is responsible for ensuring that the mini-
mum strength is satisfied.

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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11.5

11.5.1

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, axial, shear, and torsion based on the beam mo-
ments, shear forces, torsion, load combination factors, and other criteria de-
scribed in the text that follows. The reinforcement requirements are calculated
at each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any minor direction bending that may exist in the beams must be
investigated independently by the user.

The beam design procedure involves the following steps:
= Design flexural reinforcement for bending and axial loading
= Design shear reinforcement

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments and factored axial forces

= Determine required flexural reinforcement for bending and axial forces

115.1.1  Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments and axial forces for each load combination at a particular beam sta-
tion are obtained by factoring the corresponding moments for different load
cases with the corresponding load factors.

The beam is then designed for the maximum positive and maximum negative
factored moments obtained from all of the load combinations. Calculation of
bottom reinforcement is based on positive beam moments. In such cases the

11-6 Beam Design



Chapter 11 - Design for AS 3600-09

beam may be designed as a rectangular or flanged beam. Calculation of top
reinforcement is based on negative beam moments. In such cases the beam
may be designed as a rectangular or inverted flanged beam.

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 compression re-
inforcement 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 11-1 (AS 8.1.2).

The following assumptions apply to the stress block used to compute the flex-
ural 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

concerned, 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

8, =7k, d where, (AS 8.1.3(b))
a,=1.0-0.003f "', where, 0.67<a,<0.85 (AS 8.1.3(2))
y=1.05-0.007 f ', where, 0.67<y<0.85 (AS 8.1.3(2))
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ke = 0.36 (AS 8.1.5)

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

11.5.1.2.1 Design of Rectangular Beams

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 11-1), where,

(AS 8.1.3)

e
n 7 T
//ﬁc/ 3’ c “ a %”%d

d
‘. @ L o —
J ~—‘+ gs ‘?; Es
A,
(1) BEAM (I1) STRAIN () STRESS
SECTION DIAGRAM DIAGRAM

Figure 11-1 Rectangular Beam Design
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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 equa-
tions. 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=
flg-2

0 ( Zj

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

= If a > amay, I.e., 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:

C=a,f' ba,, (AS 8.1.3)

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

a
M, =C| d —“mex
uc ( 2 ]¢

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

M us M " M uc
The required compression reinforcement is given by:

MUS

(f o 'c)(d _d')¢,where

A =

f* = 0.003E, {C_d }s fy, (AS8.1.2.1,3.2.2)
C
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The required tension reinforcement for balancing the compression in the
concrete is:

MUC

Asl =
amax
=

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

MUS

A =———
fyy (d —d )¢

Therefore, the total tension reinforcement is Ag¢ = A1 + Asz, and the total
compression reinforcement is Asc. As IS to be placed at the bottom and Asc is
to be placed at the top if M" is positive, and vice versa if M" is negative.

11.5.1.2.2 Design of Flanged Beams

In designing a flanged beam, a simplified stress block, as shown in Figure 11-
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 ig-
nored. In that case, a simplified stress block similar to that shown in Figure 11-
1 is assumed on the compression side (AS 8.1.5).

£ =10.003

7 2.

afe
b S
T ¢ | Aé
A~ : <

a=yk,d

d

B
1
AL L.
-

r ®
A, £, % L Iy
b ]
() BEAM (I) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 11-2 T-Beam Design
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11.5.1.2.2.1 Flanged Beam 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 beam data is used.

11.5.1.2.2.2 Flanged Beam Under Positive Moment
If M” > 0, the depth of the compression block is given by:

*

a=d— |d2-—2M
azflcgobf

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.

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

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

» |f a < Ds, the subsequent calculations for A are exactly the same as previ-
ously defined for the rectangular beam design. However, in that case, the
width of the beam is taken as bs. 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, Cs, and the second part is for balanc-
ing the compressive force from the web, Cy, as shown in Figure 11-2. Cs is
given by:

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

s ! “"max

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

given by:

My =@C; (d -

min(Ds,amax)J

2

Beam Design 11-11



SAFE Reinforced Concrete Design

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

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

2M
=d- [d?-——""uw
al \/ azfé¢bw

» |f a; < amax, the area of tension reinforcement is then given by:

M

A,=—""— and
_&
o)
Ag=RAg+ A,

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

» If a1 > amax, cOmpression reinforcement is required and is calculated as fol-
lows:

The compression force in the web concrete alone is given by:

C,=a,f'.b,a,, (AS 8.1.3)
Therefore the moment resisted by the concrete web and tension reinforce-
ment is:

a
Muc = Cw(d _%J¢

and the moment resisted by compression and tension reinforcement is:
M us — M uw M

uc

Therefore, the compression reinforcement is computed as:
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M
A.=— = —, Where
(fi—a,f,)(d-d")g
£/ :o.oosE{Cmax —d }g f, (AS8.1.2.1,3.2.2)
Cmax

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

M

uc

&2 =
amax
A=

and the tension reinforcement for balancing the compression reinforcement
is:

MUS
A= i (d-d)¢

The total tensile reinforcement is Ast = As1 + As» + Ags, and the total com-
pression reinforcement is Asc. Ast is to be placed at the bottom and Asc is to
be placed at the top.

115.1.3  Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the following limit (AS 8.1.6.1):

2 ¢
At min = Qty (Rj —*Lbd, where (AS 8.1.6.1(2))
d fy,
a, =20, for Rectangular Section (AS8.1.6.1(2))

for L- and T-Sections with the web in tension:

b b 1/4
oy =0.20+| ——1 042 _018|>020[ 2] | (AS8.1.6.1(2))
b D b,

W W

for L- and T-Sections with the flange in tension:
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11.5.2

2/3
o =020+] 2 _1]( 0252 _0.08 > 0.20( 2 . (AS8.1.6.1(2))
b b D b

W w

fr.. =06f" (AS 3.1.1.3(h))

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

< 0.04bd Rectangular beam
'~ 10.04b,d  Flanged beam

< 0.04bd Rectangular beam
°710.04b,d  Flanged beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam 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.

115.2.1 Determine Shear Force

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load
combination factors.
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11.5.2.2  Determine Concrete Shear Capacity

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

1/3

V. =6606b,4d,F", [bpét } (AS 8.2.7.1)
where,
fr,=(f")" <4MPa (AS8.2.7.1)
P, =1116- d, >1.1 (AS8.2.7.1)
, =14 16-7005 )21 2.7.
B2=1,0r (AS 8.2.7.1)
=1- 3';' ] > 0 for members subject to significant axial tension, or
! g

*

N . - . .
=1+ —AJ for members subject to significant axial compression.
g

11.5.2.3  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 0.75 by default (AS 2.2.2).

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

w |f (¢V /2) <V, 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.

" If &V, min <V’ < Mymaxs

V* “¥PVuc
ﬁzw, (AS 8.2.10)
s ¢fy¢d,coto,

and greater than Ay min, defined as:

% - [0_35 fbw ] (AS 8.2.8)

sy. f

6, = the angle between the axis of the concrete compression strut and the
longitudinal axis of the member, which varies linearly from 30 degrees
when V'=¢Vy min to 45 degrees when V'=¢ Vy 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).

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
combination is reported along with the controlling shear force and associated
load combination.

The beam shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
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11.5.3

ments to satisfy spacing and volumetric considerations must be investigated in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, T".
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

11.5.3.1  Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination fac-
tors.

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design T" is permitted to be reduced in accordance with the code (AS 8.3.2).
However, the program does not automatically redistribute the internal forces
and reduce T . If redistribution is desired, the user should release the torsional
degree of freedom (DOF) in the structural model.

11.5.3.2  Determine Special Section Properties

For torsion design, special section properties such as At, Ji, and ut are calculat-
ed. These properties are described in the following (AS 8.3).

A: = Area of a polygon with vertices at the center of longitudinal bars at
the corners of the cross-section
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Perimeter of the polygon defined by A:

Ut

I Torsional modulus

In calculating the section properties involving reinforcement, such as Asw/s and
A, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 50 mm. This is equivalent
to 38-mm clear cover and a 12-mm-diameter stirrup. For torsion design of
flanged beam sections, it is assumed that placing torsion reinforcement in the
flange area is inefficient. With this assumption, the flange is ignored for torsion
reinforcement calculation. However, the flange is considered during Ty calcu-
lation. With this assumption, the special properties for a rectangular beam sec-
tion are given as:

At = (b-2c)(h-2c), (AS 8.3.5)
= 2(b-2c)+2(h-2c), (AS 8.3.6)
Jo = 033y (AS 8.3.3)

where, the section dimensions b, h and, ¢ are shown in Figure 11-3. Similarly,
the special section properties for a flanged beam section are given as:

At = (b, -2c)(h-2c), (AS 8.3.5)
U = 2(h-2,)+2(b, ~2,), (AS 8.3.6)
Jo = 0.335¢y (AS 8.3.3)

where the section dimensions by, h, and ¢ for a flanged beam are shown in Fig-
ure 11-3. The values x and y refer to the smaller and larger dimensions of a
component rectangle, respectively.
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Figure 11-3 Closed stirrup and section dimensions for torsion design

115.3.3  Determine Torsion Reinforcement

The torsional strength of the section without torsion reinforcement, T, is cal-
culated as:

T,=03J./f! (AS 8.3.5)

where J; is the torsion modulus of the concrete cross-section as described in de-
tail in the previous section.

Torsion reinforcement also can be ignored if any one of the following is satis-
fied:

T <0.254T,, (AS 8.3.4(a)(i))
;r_;+¢\\’/_; <05 (AS 8.3.4(2)(iD)
L+L <1 and D < max(250mm, b/2) (AS 8.3.4(a)(iii))
¢-I-UC ¢\/UC
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If the factored torsion T" alone or in combination with V" does not satisfy any
of the three conditions in the preceding description, torsion reinforcement is
needed. It is assumed that the torsional resistance is provided by closed stirrups
and longitudinal bars (AS 8.3).

= If T" > T, the required closed stirrup area per unit spacing, Asw /s, is calcu-

lated as:
T tan
a = 0 (AS 8.3.5(b))
S ¢2 fsy.f A[
where, the minimum value of As /s is taken as follows:
Avwnn _ 0350, (AS8.2.8)
S fsy.f

The value 6 is the angle between the axis of the concrete compression strut and
the longitudinal axis of the member, which varies linearly from 30 degrees
when T" = ¢T, to 45 degrees when T = ¢Ty max.

The following equation shall also be satisfied for combined shear and torsion
by adding additional shear stirrups.

* *

T Y <10 (AS 8.3.4(b))
¢-|-US ¢\/US
where,
Ty =y s (E)ZA coté, (AS 8.3.5(b))
S
V,, = (A, ., d, /s)coté, (AS 8.2.10(a))

The required longitudinal rebar area is calculated as:

0.5f ¢ (ASWJ u, cot® 6,
A = > (AS 8.3.6(a))

fy
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11.6

An upper limit of the combination of V* and T" that can be carried by the sec-
tion is also checked using the equation:

* *

T \Y
+

<1.0 (AS 8.3.3)
Oluma MVimax
where,
Vim =0.2F7:b,d, (AS 8.2.6)
Tomax =027, (AS 8.3.3)

For rectangular sections, by is replaced with b. If the combination of V" and T"
exceeds this limit, a failure message is declared. In that case, the concrete sec-
tion should be increased in size.

When torsional reinforcement is required (T > Tc), the area of transverse
closed stirrups and the area of regular shear stirrups satisfy the following limit.

(Asv ZAsW) 0f35b (AS 8.3.7,8.2.8)
S S

sy. f

If this equation is not satisfied with the originally calculated As//s and Asw/s,
As /s is increased to satisfy this condition. In that case, As /s does not need to
satisfy AS Section 8.2.8 independently.

The maximum of all the calculated A, and Asw/s values obtained from each load
combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements
and longitudinal rebar requirements to satisfy spacing considerations must be
investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
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11.6.1

the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is carried out based on the ultimate strength design method (AS 3600-
2001) for reinforced concrete, as described in the following sections. To learn
more about the design strips, refer to the section entitled "Design Strips" in the
Key Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
displacement vectors. These moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

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

These two steps, which are described in the following subsections, 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 numbers, is obtained and reported.

11.6.1.1  Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.
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11.6.2

11.6.1.2  Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.

11.6.1.3  Minimum and Maximum Slab 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 = o.24(§j f"—”bh for flat slabs (AS 9.1.1(a))

sy, f
) o
f
A =0.19(£j —=L ph
d) fg;
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.

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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11.6.2.1  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 11-4 shows the
auto punching perimeters considered by SAFE 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 T o
N d/2 N \
/,’ N d/2 y Z \\\ i N d/2
/ \
II @V\~\l I/ ) | \I
\ ] [} | ] |
\ / | | | |
N\ y : : ! I
\\\_',// |_ _____________ | !_ __________ :
Circular Column T-Shape Column L-Shape Column

Figure 11-4 Punching Shear Perimeters

11.6.2.2  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.
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11.6.3

0.17(1+£)\/f>;
f, =min

h

(AS 9.2.3(2))
0.34/f!

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

11.6.2.3  Determine Maximum Shear Stress

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

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

11.6.2.4  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 SAFE. 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
3600-2009. SAFE 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 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 earli-
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er sections remain unchanged. The design of punching shear reinforcement is
carried out as described in the subsections that follow.

11.6.3.1  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.

11.6.3.2  Determine Required Shear Reinforcement

The shear force is limited to a maximum of;
Viax = 3 Vu,min =3*V, (AS 9.2.4(3), (d))

where V, is computed from AS 9.2.3 or 9.2.4. Given V*, V,, and Vy,max, the re-
quired shear reinforcement is calculated as follows, where, ¢ is the strength re-
duction factor.

Ay M (AS 8.2.10)

S foydom

Minimum punching shear reinforcement should be provided such that:

V, Z%Jf ‘ud,, (NZS 12.7.4.3)
= If V' > ¢V max, 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.

11.6.3.3  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 11-5 shows a typical arrangement
of shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.
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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 col-
umns respectively.

Typical Studrail Outermost Outermost

(only first and last peripheral line N peripheral line
studs shown) of studs N of studs Free
_—1 - edge
N d/2
N

Critical

section [/ /
centroid  Free /1 4 ‘_/)\\
edge "y X
Ix\>/ Cnrltical section
—'\,— centroid

Interior Column Edge Column Corner Column

Figure 11-5 Typical arrangement of shear studs
and critical sections outside shear-reinforced zone

11.6.3.4  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
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stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s, be-
tween 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 12
Design for ACI 318-11

12.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the American code ACI 318-11 [ACI 2011]
is selected. Various notations used in this chapter are listed in Table 12-1. For
referencing to the pertinent sections or equations of the ACI code in this chap-
ter, a prefix “ACI” followed by the section or equation number is used herein.

The design is based on user-specified load 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 inch-pound-second units. For simplicity, all equations and descrip-
tions presented in this chapter correspond to inch-pound-second units unless
otherwise noted.

Notations

Table 12-1 List of Symbols Used in the ACI 318-11 Code

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

Aq Gross area of concrete, sg-in
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Table 12-1 List of Symbols Used in the ACI 318-11 Code

A
Ao
th

As
A's
At /s

Ay
Avls

amax

b
Do
Bw
b1

b,

12 -2 Notations

Area of longitudinal reinforcement for torsion, sg-in
Area enclosed by the shear flow path, sg-in

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

Avrea of tension reinforcement, sg-in
Area of compression reinforcement, sg-in

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

Avrea of shear reinforcement, sg-in

Area of shear reinforcement per unit length, sg-in/in
Depth of compression block, in

Maximum allowed depth of compression block, in
Width of section, in

Effective width of flange (flanged section), in
Perimeter of the punching shear critical section, in
Width of web (flanged section), in

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

Width of the punching shear critical section perpendicular to the
direction of bending, in

Depth to neutral axis, in

Distance from compression face to tension reinforcement, in
Distance from compression face to compression reinforcement, in
Modulus of elasticity of concrete, psi

Modulus of elasticity of reinforcement, psi

Specified compressive strength of concrete, psi
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Table 12-1 List of Symbols Used in the ACI 318-11 Code

f's
fy
fyt
h
hy
My
Ny

Pu
Pep
Pn

Vmax
Vs
Vu

Be

i

&

&c 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 beam, in

Critical torsion capacity, lb-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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12.2

Table 12-1 List of Symbols Used in the ACI 318-11 Code

&s

Strain in the reinforcement

Minimum tensile strain allowed in the reinforcement at nominal

Fraction of unbalanced moment transferred by eccentricity of shear

s strength for tension controlled behavior (0.005 in/in)

¢ Strength reduction factor

% Fraction of unbalanced moment transferred by flexure
%

) Shear strength reduction factor for light-weight concrete
2] Angle of compression diagonals, degrees

Design Load Combinations

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

0.9D £ 1.0W
1.2D +1.0L £ 1.0W

0.9D £+ 1.0E
12D +1.0L £ 1.0E

1.2D + 1.6L + 0.5S

1.2D + 1.0L + 1.6S

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

12 -4  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
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 re-
versible, the following load combinations may need to be considered
(AC19.2.1):

(ACI 9-1)
(ACI 9-2)
(ACI 13.7.6.3, 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)



Chapter 12 - Design for ACI 318-11

12.3

12.4

12.5

These are the default design load combinations in SAFE 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.

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, SAFE 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 satis-
fied.

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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
this section. The reinforcement requirements are calculated at each station
along the length of the beam.

Limits on Material Strength  12-5
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Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

12.5.1 Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

12.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

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

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

12-6 Beam Design
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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 (ACI19.4), 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 12-1 (ACI 10.2). Furthermore, it is assumed that the net ten-
sile 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 de-
sign 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 SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not exceed
(0.1ngg) (ACI 10.3.5), axial force is ignored; hence, all beams are designed

for major direction flexure, shear, and torsion only. Axial compression greater
than (0.1ngg) and axial tensions are always included in flexural and shear

design.

12.5.1.2.1 Design of Rectangular Beams

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 12-1), where,

2M
a=d —\/dz —ﬁ,”'@ (AC110.2)

and the value of ¢ is taken as that for a tension-controlled section, which by de-
fault 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 &min,
which is equal to 0.005 for tension controlled behavior (ACI 10.3.4):

Beam Design  12-7
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Oy = ——ccmax___ g (AC110.2.2)

Eemax + Esmin
’4‘ bh— »

=

£=0.003 0.85f;

o p |4—
A

O

—

d
® ° L, >
4 T T
J H &y s cs
A
(I) BEAM (II) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 12-1 Rectangular Beam 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:

065<4 <085  (ACI10.2.7.3)

B = o.%-o.os[ﬂj,

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

MU

h y fy(d —ZJ

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

» |f a > 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=085f"ba,, (ACI10.2.7.1)

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

M,, = ¢C (d —amTan (AC19.3.2.1)

— Therefore the moment required to be resisted by compression reinforce-
ment and tension reinforcement is:
Muys = My — My

— The required compression reinforcement is given by:

Al = M, , Where
(f',—085f")(d—d")
! c.. —d
f'. = EsgcmaX[L} < f, (AC110.2.2,10.2.3, 10.2.4)
Cmax

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

Beam Design  12-9
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M

uc

A=t
amax
"”v[d‘z}

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

M

AIACEY

Therefore, the total tension reinforcement is As = Asx + Asz, 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 if My is positive, and vice versa if My is negative.

12.5.1.2.2 Design of Flanged Beams

In designing a flanged beam, a simplified stress block, as shown in Figure 12-
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 ig-
nored. In that case, a simplified stress block similar to that shown in Figure 12-
1 is assumed on the compression side.

s b 1 h ¢=0.003 0.85f/ 0.85f
r f ’ rf 4’4——‘
v <
V l d| f C, \
AL + x__c,
C
d \
"__C,
oo ' z I I S
"l -~ k T T
b,
() BEAM (1) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 12-2 T-Beam Design
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12.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

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

a=d—\/d2—ﬁ (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 &min,
which is equal to 0.005 for tension controlled behavior (ACI 10.3.4):

C., = gmg%md (ACI 10.2.2)
where,

Eomax = 0.003 (ACI10.2.3)

&min = 0.005 (ACI110.3.4)

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

rax = PiCrax (ACI10.2.7.1)

where £ is calculated as:

065<4 <085 (ACI10.2.7.3)

f' — 4000
=0.85-0.05| ———— |,
A ( 1000 ]
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= |f a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in this case, the width
of the beam is taken as bs. 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, Ct, and the second part is for balanc-
ing the compressive force from the web, Cy, as shown in Figure 12-2. Cs is
given by:

C, =0.85f" (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,,, )
My =gC, | d ——— 2= (AC19.3.2.1)

Again, the value for ¢ is 0.90 by default. Therefore, the balance of the mo-
ment, My, to be carried by the web is:

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' ¢bh,

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

,A\52 =%, and
#1(e-3)
As=As + A

This reinforcement is to be placed at the bottom of the flanged beam.
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» If a; > ama, cOmpression reinforcement is required (ACI 10.3.5.1) and is
calculated as follows:

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

C,=085f"ha (ACI110.2.7.1)

C TwTmax

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

a
M, =C, (d - J¢
2
and the moment resisted by compression and tension reinforcement is:
Muys = Muw — Myc

Therefore, the compression reinforcement is computed as:

MUS

' = , Where
A= —0sst)(d-d) ¢
' Cmax _d,
fl= Esgcmax|: c }g f, (AC110.2.2,10.2.3,10.2.4)
max

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

MUC
Ay =t
fy| d - mac
o

and the tension reinforcement for balancing the compression reinforcement
is:

MLIS

ASS ) fy(d _d')¢
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12.5.2

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

12.5.1.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the minimum of the two following limits:

3y f
A, min = Max ~b,d, 200 b,d (ACI110.5.1)
| f, f,
4
As 2 § As(required) (AC| 1053)

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

A< {0.4bd Rectangular beam

0.4b,d Flanged beam

> 0.4bd  Rectangular beam
*710.4b,d Flanged beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam 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.
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12.5.2.1 Determine Factored Shear Force

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

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

V, =24, f'.b,d (ACI11.2.1.2)
A limit is imposed on the value of |/ f'_ as f ',< 100 (ACI 11.1.2)

The value of A should be specified in the material property definition.

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

Vo, =V, +(8\/f7'c )bwd (ACI 11.4.7.9)

Given Vy, V¢, and Vimax, the required shear reinforcement is calculated as fol-
lows where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3). The flexural
reinforcement strength, fy, is limited to 60 ksi (ACI 11.5.2) even if the material
property is defined with a higher value.

= If V, <0.54V,,

Ay (AC1 11.4.6.1)
S

» If 0.50V, <V, <@V,

V, -¢V

A _ WV, —gV.) (ACI11.4.7.1,11.4.7.2)
S ¢ f,d

= If Vy > ¢Vmax, a failure condition is declared. (ACI111.4.7.9)
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12.5.3

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

Note that if torsion design is considered and torsion reinforcement is required,
the equation given in ACI 11.4.6.3 does not need to be satisfied independently.
See the subsequent section Design of Beam Torsion Reinforcement for details.

If the beam depth h is

h <10" for rectangular,
h <min {24", max(2.5hf gj for T-beam,

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

0.75f"'
iz max| ———=h,, 50, (ACI 11.4.6.3)
S fyt fyt

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

The beam 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.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, Ty.

= Determine special section properties.

12-16 Beam Design



Chapter 12 - Design for ACI 318-11

= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

12.5.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination fac-
tors (ACI 11.6.2).

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design T, is permitted to be reduced in accordance with the code
(ACI 11.5.2.2). However, the program does not automatically redistribute the
internal forces and reduce T.. If redistribution is desired, the user should re-
lease the torsional degree of freedom (DOF) in the structural model.

12.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Acp, Aoh, Ao, Pep, and P,
are calculated. These properties are described in the following (ACI 2.1).

A, = Areaenclosed by outside perimeter of concrete cross-section

Ao = Area enclosed by centerline of the outermost closed transverse
torsional reinforcement

A, = Gross area enclosed by shear flow path
pep = Outside perimeter of concrete cross-section

prn = Perimeter of centerline of outermost closed transverse torsional
reinforcement

In calculating the section properties involving reinforcement, such as Aon, Ao,
and py, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 1.75 inches. This is equiva-
lent to a 1.5 inch clear cover and a #4 stirrup. For torsion design of flanged
beam sections, it is assumed that placing torsion reinforcement in the flange ar-
ea is inefficient. With this assumption, the flange is ignored for torsion rein-
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forcement calculation. However, the flange is considered during Ter calcula-
tion. With this assumption, the special properties for a rectangular beam sec-
tion are given as:

Ap = bh (ACI11.5.1, 2.1)
A = (b—2c)(h-2c) (ACI11.5.3.1, 2.1, R11.5.3.6(b))
Ao = 0.85 Ao (ACI 11.5.3.6, 2.1)
P = 2b+2h (ACI11.5.1, 2.1)
pn = 2(b-2c) +2(h - 2c) (ACI 11.53.1, 2.1)

where, the section dimensions b, h, and c are shown in Figure 12-3. Similarly,
the special section properties for a flanged beam section are given as:

Ap = buh + (br = bu)hi (ACI115.1,2.1)
Aon = (bw—2¢)(h - 2¢) (ACI115.3.1, 2.1, R11.5.3.6(b))
Ao = 0.85 Ao (ACI 11536, 2.1)
P = 2bs + 2h (ACI115.1, 2.1)
pr = 2(h-2c) + 2(bw - 2¢) (ACI1153.1, 2.1)

where the section dimensions by, bw, h, hy, and ¢ for a flanged beam are shown
in Figure 12-3. Note that the flange width on either side of the beam web is
limited to the smaller of 4ht or (h — hr) (ACI 13.2.4).

12.5.3.3 Determine Critical Torsion Capacity

The critical torsion capacity, Ter, for which the torsion in the section can be
ignored is calculated as:

2 bzp Pu
T, =¢4A1/f 1+ —4 — ACI 11.5.2.2
cr ¢ c ( pcp J + 4A;pﬂ /fc, ( (C))

where Ac, and pep are the area and perimeter of the concrete cross-section as
described in the previous section, Py is the factored axial force (compression
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positive), ¢ is the strength reduction factor for torsion, which is equal to 0.75
by default (ACI 9.3.2.3), and f'. is the specified concrete compressive strength.

12.5.3.4 Determine Torsion Reinforcement

If the factored torsion Ty is less than the threshold limit, T, torsion can be
safely ignored (ACI 11.5.1). In that case, the program reports that no torsion
reinforcement is required. However, if T, exceeds the threshold limit, T, it is
assumed that the torsional resistance is provided by closed stirrups, longitudi-
nal bars, and compression diagonals (ACI R11.5.3.6). Note that the longitudi-
nal reinforcement strength, fy, is limited to 80 ksi (ACI 9.4) and the transverse
reinforcement strength, fy, is limited to 60 ksi, even if the material property is
defined with a higher value.

If Tu > Ter, the required closed stirrup area per unit spacing, A:/s, is calculated
as:

T,tan @
i =——— (AC111.5.3.6)
s g2Af,
and the required longitudinal reinforcement is calculated as:
T
A= —_LubPn (AC111.5.3.7,11.5.3.6)
¢2A,f, tan o

where, the minimum value of A:/s is taken as:

A_BDy (ACI 11.5.5.3)
s f,

and the minimum value of A, is taken as:

Az E“/?;Acp—(ﬁj b [f—yj (ACI 11.5.5.3)
y

S fy

In the preceding expressions, 4 is taken as 45 degrees. The code allows any
value between 30 and 60 degrees (ACI 11.5.3.6).

Beam Design 12-19



SAFE Reinforced Concrete Design

b ——»

—p{Cle—b—-2cp(C e
v ¢ v
c 2
T o) Q) ] hf O O I
h—2c h h h—2c
l 0 O J o) O J
c C
$ T
‘47 b— b, - 2ci¢
«—b,—>»
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 12-3 Closed stirrup and section dimensions for torsion design

An upper limit of the combination of V, and T, that can be carried by the sec-
tion is also checked using the equation:

2 2
% To | oV ,
g . <g| —=+8/f | (ACI1153.1,11.4.79
\/(bwd] +[1'7A§hj ¢(b d’ j ( )

w

For rectangular sections, by, is replaced with b. If the combination of V, and T,
exceeds this limit, a failure message is declared. In that case, the concrete sec-
tion should be increased in size.

When torsional reinforcement is required (Ty > Ter), the area of transverse
closed stirrups and the area of regular shear stirrups must satisfy the following

limit.
ff
A oA s maxdors ey Oy (ACI 11.5.5.2)
S S fis f,
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12.6

12.6.1

If this equation is not satisfied with the originally calculated A, /s and A:/s, Ay /s
is increased to satisfy this condition. In that case, A, /s does not need to satisfy
the ACI Section 11.4.6.3 independently.

The maximum of all of the calculated A; and A: /s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements considered by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal reinforcement requirements to satisfy spacing considerations must
be investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis, and a flexural de-
sign is carried out based on the ultimate strength design method (ACI 318-11)
for reinforced concrete as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the de-
sign of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

= Determine factored 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.

12.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

12.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.

12.6.1.3 Minimum and Maximum Slab Reinforcement

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

As min = 0.0020 bh for fy = 40 ksi or 50 ksi (ACI7.12.2.1(a))
Asmin = 0.0018 bh for f, = 60 ksi (ACI 7.12.2.1(b))
Asmin = 0'0018: 60000 1 for £, > 60 ksi (ACI 7.12.2.1(c))

y
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12.6.2

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.

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 sections.

12.6.2.1 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 concen-
trated loads, the critical area is taken as a rectangular area with the sides paral-
lel to the sides of the columns or the point loads (ACI 11.11.1.3). Figure 12-4
shows the auto punching perimeters considered by SAFE for the various col-
umn 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
/TN 1
,/’ >~ d/2 d/2 //\7_ \\

/’_\\
P ~
N
/
7
j\:_\,\
.
Pd
7
—— —— —

Circular Column T-Shape Column L-Shape Column

Figure 12-4 Punching Shear Perimeters
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12.6.2.2 Transfer of Unbalanced Moment

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

7 (ACI 13.5.3.2)

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

=1- 1
o 1+(2/3) I, /1,

(ACI 421.2 C-11)

(ACI 421.2 C-12)

1
T =1_1+(2/3)\/W

For edge columns,
#x = same as for interior columns (ACI 421.2 C-13)
1

Yo T L @i, —02

¥y =0when I, /I, <0.2

(ACI 421.2 C-14)

For corner columns,
#%x=0.4 (AC1421.2 C-15)
%y = same as for edge columns (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.
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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 per-
pendicular to the span. The values Iy and Iy are the projections of the shear-
critical section onto its principal axes, x and y, respectively.

12.6.2.3 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 j fr (ACI 11.11.2.1)

0

YNIR

where, S is the ratio of the maximum to the minimum dimensions of the criti-
cal 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 (ACI11.11.2.1)
20  for corner columns.

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

Jf' <100 (ACI 11.1.2)

12.6.2.4 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.
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V. = \A " 7/V2[Mu2 -V (Ye, - Y1)][|33(y4 - Y3) - |23(X4 ~ Xs)] _
Y bod

|22|33 - |232
7V3[MU3 =V (X5 = XI55 (X, = X5) = 155 (Y, — ¥5)]

2
|22|33_|23

Eq. 1

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

sides =1

for punching shear Eq. 2

n
;= Z I,;, 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,,,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 12-5.

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

to the 2-axis Eqg. 5a
3 3
I, = % + i—; +Ld(y, — ys)?, for the side of the critical section
parallel to the 3-axis Eg. 5b
3 3
[P =% + dl—; +Ld(x, — x5)?, 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
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to the 3-axis

Critical section for X
punching shear
shown by heavy line

Centroid of entire
critical section for
punching shear.

Coordinates are (X5,Ys).

Side of critical section
being considered
shown solid

L Coordinates are (x,,Y,).
3

y2_

Y3 >

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.

yz'Y3

Center of side of critical

Coordinates are (X3,Ys). —,\/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 12-5 Shear Stress Calculations at Critical Sections

ls = Ld (X, — X3)(Y, — Ys), for side of critical section parallel

to 2-axis or 3-axis

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

where,

bo
d

Perimeter of the critical section for punching shear

/Center of side of critical
section being considered.

Eqg. 6b

Eq. 7

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

I3 =

ls =

My =

Muz =

Vu =

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

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 punch-
ing 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

12.6.2.5 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
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12.6.3

as the punching shear capacity ratio by SAFE. If this ratio exceeds 1.0, punch-
ing shear reinforcement is designed as described in the following 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 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
described in the subsections that follow.

12.6.3.1 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 (ACI11.11.3.1)
v, <31,/ f", forshear studs (ACI 11.11.5.1)

12.6.3.2 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/ . bod for shear studs (ACI11.11.5.1)

Given Vy, V¢, and Vimax, the required shear reinforcement is calculated as fol-
lows, where, ¢, the strength reduction factor, is 0.75 (ACI1 9.3.2.3).
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V _
i = M (ACI111.4.7.1,11.4.7.2)
S ¢t,.d
2./ f'b
A > 2 forshear studs (ACI 11.11.5.1)
S

y

» |f Vy > ¢Vmax, a failure condition is declared. (ACI11.11.3.2)

= |f V, exceeds the maximum permitted value of ¢#Vmax, the concrete section
should be increased in size.

12.6.3.3 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 12-6 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
_—:l. - 42 _ | _ / edge
/ L l,
W K A 9 |
1] —w o B |
1 fe—>1 |
I Io ==kt — X - X % I
1
In Critical )Hc?/z
section
R LA centroid :5;2/4__)7/4#/ “ox
Free edge /| |x\>/ Cnltical section
—v4— —'\,— centroid
le——1
Interior Column Edge Column Corner Column

12-30 SI

Figure 12-6 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

ab Design



Chapter 12 - Design for ACI 318-11

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 col-
umns respectively.

12.6.3.4 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-, 1/2-, 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 adja-
cent 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)

< {0.75(1 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 (ACI111.11.3)

5<0.50d (ACI 11.11.3)
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Chapter 13
Design for TS 500-2000

13.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the American code TS 500-2000 [TS 500] is
selected. Various notations used in this chapter are listed in Table 13-1. For
referencing 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 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 13-1 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 13-1 List of Symbols Used in the TS 500-2000 Code

A
Ao
th

As
A's
Aot /s

Ao /s

ASW
Asw/s

amax

b
Do
Bw
b1

b2

13-2 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,
mm?/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
direction 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?



Chapter 13 - Design for TS 500-2000

Table 13-1 List of Symbols Used in the TS 500-2000 Code

Es

Pep
Pn

Vmax
Vs
\2

Pe

ka

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

Design 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 beam, 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 13-1 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
fiber (0.003 mm/mm)

&s Strain in reinforcing steel

Ym Material factor

Yme Material factor for concrete

) Shear strength reduction factor for light-weight concrete

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 TS 500-2000, if a structure is
subjected to dead (G), live (Q), wind (W), and earthquake (E) loads, and con-
sidering 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 SAFE 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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13.3

13.4

13.5

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, fyi is taken as
420 N/mm?2,

The program enforces the upper material strength limits for flexure and shear
design of beams and columns or for torsion design of beams. The input materi-
al 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, ym¢ = 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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
this section. The reinforcement requirements are calculated at each station
along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.
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13.5.1

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

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

13.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

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

13.5.1.2 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.
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The design procedure is based on the simplified rectangular stress block, as
shown in Figure 13-1 (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
sections (T beams) is summarized in the following subsections. It is assumed
that the design ultimate axial force does not exceed (O.lfckAg) (TS 7.3, Eqn.

7.2); hence, all of the beams are designed ignoring axial force.

13.5.1.2.1 Design of Rectangular Beams

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 13-1), where,

a=d- dz—m, (TS 7.1)
0.85f b

The maximum depth of the compression zone, cy, is calculated based on the
compressive strength of the concrete and the tensile steel tension using the fol-
lowing equation (TS 7.1):

e, E

Ccu—s

& Es + fyd

Cy
(TS 7.1)

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 k1 is calculated as follows:

ki=0.85-0.006( f, —25), 070<ki<0.85.  (TS7.1, Table7.1)
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€~ 0.003 0.85f
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Figure 13-1 Rectangular Beam Design

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

s

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

= 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)

max !

and the moment resisted by concrete compression and tension reinforce-
ment is:
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M, =C(d —aLj
2

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

My =My — M.

— The required compression reinforcement is given by:

' Mds
= , where
A (0, -0.851,)(d-d")
o =Ee, {szx—_d} <f,. (TS7.1)

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

Mds

fig[d =%

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

Mds
flq(d—d’)

Therefore, the total tension reinforcement is As = As1 + A2, 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 if My is positive, and vice versa if Mg is negative.

A, =

13.5.1.2.2 Design of Flanged Beams

In designing a flanged beam, a simplified stress block, as shown in Figure 13-
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 ig-
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nored. In that case, a simplified stress block similar to that shown in Figure 13-
1 is assumed on the compression side.

&,=0.003 0.85f, 0.85f;
‘ | d 4"—’{ X c & 4
~ by jl_s +__+F _F__+
I ;d_ £ “c.
A t s G
C
d R
r — — e
As H 8S T5 Tw Tf
o o
(i) BEAM (i) STRAIN (iii) STRESS
SECTION DIAGRAM DIAGRAM

Figure 13-2 T-Beam Design

13.5.1.2.2.1Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

13.5.1.2.2.2 Flanged Beam Under Positive Moment
If Mg > 0, the depth of the compression block is given by:

£ My
0.851,,b;

a=d—

The maximum depth of the compression zone, ¢, is calculated based on the
compressive strength of the concrete and the tensile steel tension using the fol-
lowing equation (TS 7.1):

gc ES

= T (TS 7.1)
gcuEs +f-yd'

Sp
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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 k; is calculated as follows:

ki=0.85-0.006( f, —25), 0.70<ki<0.85.  (TS7.1, Table7.1)

= If a < d; the subsequent calculations for As are exactly the same as previ-
ously defined for the Rectangular section design. However, in that case,
the width of the beam is taken as by, as shown in Figure 13-2. Compres-
sion 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, C:, and the second part
is for balancing the compressive force from the web, Cw, as shown in
Figure 13-2. Cs is given by:

C; =085 (by —by, ) xmin(d,, Ay, ) (TS 7.1)

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

2

min (dy, & )]

Mdf =C; [d -

Therefore, the balance of the moment, Mg, 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 de-
sign depth of the compression block is recalculated as:

oM
_d— [¢?——Ma TS 7.1
% \/ 0857, b (TS7.1)

W

= If a; <amax (TS 7.1), the area of tensile steel reinforcement is then given by:
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A52 :k, and
fyd(d—azij
A=A +A,

This steel is to be placed at the bottom of the T-beam.

= If a1 > ama, compression reinforcement is required and is calculated as
follows:

The compression force in the web concrete alone is given by:

C=0.85f_ba (TS7.1)

cd Mw ~'max

Therefore the moment resisted by the concrete:
a
M, =Cld-——21|
dc ( 2 )

The tensile steel for balancing compression in the web concrete is:

Mdc

fig[d =%

The moment resisted by compression steel and tensile steel is:
M ds — M dw — M dc

Therefore, the compression steel is computed as:

l= Mqs , Where
(0. -0.85f,, ) (d -d")
o.=Ee, {sz—_d} <f,, and (TS 7.1)
max

the tensile steel for balancing the compression steel is:
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13.5.2

Mds

s = fo(d—d’)

The total tensile reinforcement is A, = A;; + A, + A3, and the total compres-
sion reinforcement is Al. As is to be placed at the bottom and A is to be
placed at the top.

13.5.1.2.3 Minimum and Maximum Tensile Reinforcement

The minimum flexural tensile steel required in a beam section is given by the
following limit:

A > mbwol (TS 7.3, Eqn. 7.3)

fyg

The maximum flexural tensile steel required in a beam section is given by the
following limit:

A - A <0.85p,bd

An upper limit of 0.02 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed as follows:

< 0.02bd  Rectangular Beam
~10.02b,d T-Beam

A< 0.02bd  Rectangular Beam
~10.02b,d T-Beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam major shear, the following steps are involved:

= Determine the factored shear force, V.
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= Determine the shear force, 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.

13.5.2.1 Determine Factored Shear Force

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

13.5.2.2 Determine Concrete Shear Capacity

Given the design force set Nqg and Vg, the shear force carried by the concrete,
Ve, is calculated as follows:

= If the beam is subjected to axial loading, Ng is positive in this equation
regardless of whether it is a compressive or tensile force,

V, =0.65f,,b,d {1+—7Nd J (TS8.1.3, Eqn. 8.1)
Ay
where,
0.07 for axial compression
y = -0.3for axial tension
O0when tensile stress < 0.5 MPa
Vv, =0.8V,, (TS 8.1.4, Eqn. 8.4)

13.5.2.3 Determine Required Shear Reinforcement

Given Vgq 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:

= The shear force is limited to a maximum of
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V.., =022f,A, (TS 8.1.5h)

= The required shear reinforcement per unit spacing, Ay /s, is calculated as
follows:

If Vv, <V

cr?

ﬁ:o.shbw, (TS 8.1.5, Eqn. 8.6)

S f o

elseif VvV, <V, <V

max ?
V, -V
Ay _Va=Ve) (TS 8.1.4, Eqn. 8.5)
S fowad
Au s gt (TS 8.1.5, Eqn. 8.6)
S LI

else if Vg >V,

a failure condition is declared. (TS 8.1.5b)

If Vg exceeds its maximum permitted value Vmax, the concrete section size
should be increased (TS 8.1.5b).

Note that if torsion design is performed and torsion rebar is needed, the equa-
tion given in TS 8.1.5 does not need to be satisfied independently. See the next
section Design of Beam Torsion Reinforcement for details.

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 beam 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.
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13.5.3

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, Tg.
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

13.5.3.1 Determine Factored Torsion

In the design of torsion reinforcement of any beam, the factored torsions for
each design load combination at a particular design station are obtained by fac-
toring the corresponding torsion for different analysis cases with the corre-
sponding design load combination factors (TS 8.2).

In a statically indeterminate structure where redistribution of the torsional mo-
ment in a member can occur due to redistribution of internal forces upon crack-
ing, the design Ty is permitted to be reduced in accordance with code (TS
8.2.3). However, the program does not try to redistribute the internal forces and
to reduce Tq. If redistribution is desired, the user should release the torsional
DOF in the structural model.

13.5.3.2 Determine Special Section Properties

For torsion design, special section properties such as Ae, S and ue are calculat-
ed. These properties are described as follows (TS 8.2.4).

A. = Areaenclosed by centerline of the outermost closed transverse
torsional reinforcement

S = Shape factor for torsion

Ue = Perimeter of area Ae
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In calculating the section properties involving reinforcement, such as Ao/S,
Aals, and ue, it is assumed that the distance between the centerline of the
outermost closed stirrup and the outermost concrete surface is 30 mm. This is
equivalent to 25-mm clear cover and a 10-mm-diameter stirrup placement. For
torsion design of T beam sections, it is assumed that placing torsion reinforce-
ment in the flange area is inefficient. With this assumption, the flange is ig-
nored for torsion reinforcement calculation. However, the flange is considered
during T calculation. With this assumption, the special properties for a Rec-
tangular beam section are given as follows:

—»(Cle—b—2cp{C l¢— L «—b——>
v Y
c
T o) O ] hy O O
h-2c h h h—2c
l o} o) J
C J O O 4
' «—b—> b, — 20 '
<—b,—»
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 13-3 Closed stirrup and section dimensions for torsion design

Ac = (b-2c)(h-2c), (TS 8.2.4)

u = 2(b-2c)+2(h-2c), (TS
8.2.4)

S = x¥I3 (TS8.2.4)

where, the section dimensions b, h and c are shown in Figure 3-9. Similarly,
the special section properties for a T beam section are given as follows:
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Ac = (b,—2c)(h-2c), (TS 8.2.4)
u = 2(h-2c)+2(h, -2c), (TS 8.2.4)
S = A3 (TS 8.2.4)

where the section dimensions by, h and ¢ for a T-beam are shown in
Figure 13-3.

13.5.3.3 Determine Critical Torsion Capacity
Design for torsion may be ignored if either of the following is satisfied:

(i) The critical torsion limits, Tcr, for which the torsion in the section can be ig-
nored, is calculated as follows:

Ty <T,=0.65fyS (TS8.2.3,Eqn 8.12)
In that case, the program reports shear reinforcement based on TS 8.1.5, Egn.
8.6. 1.e.,
ﬁz 0.3f°—tdbW (TS 8.1.5, Eqn. 8.6)
S fowa

(i1) When design shear force and torsional moment satisfy the following equa-
tion, there is no need to compute torsional stirrups. However, the minimum
stirrups and longitudinal reinforcement shown below must be provided:

2 2
(V_d] +[T_d) <1 (TS 8.2.2, Eqn 8.10)
VCI’ TCI’

where Ter is computed as follows:
T =1.35f4S (TS 8.2.2, Eqn 8.11)

The required minimum closed stirrup area per unit spacing, Ao /s, is calculated
as:

i:o.lsﬂ(uﬂjbw (TS 8.2.4, Eqn. 8.17)
S fyw Vyb,
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T4

In Eqgn. 8.17, <1.0 and for the case of statically indeterminate structure

dMw
where redistribution of the torsional moment in a member can occur due to re-
distribution of internal forces upon cracking, minimum reinforcement will ob-
tained by taking T, equal to T, .

and the required minimum longitudinal rebar area, Aq, is calculated as:

A Ttk (TS 8.2.5, Eqn. 8.18).

- ZAe fyd

13.5.3.4 Determine Torsion Reinforcement

If the factored torsion Tq is less than the threshold limit, T, torsion can be
safely ignored (TS 8.2.3), when the torsion is not required for equilibrium. In
that case, the program reports that no torsion is required. However, if Ty ex-
ceeds the threshold limit, T, it is assumed that the torsional resistance is pro-
vided by closed stirrups, longitudinal bars, and compression diagonals (TS
8.2.4 and 8.2.5).

If Tq > T, the required longitudinal rebar area, Aq, is calculated as:

Asl = —Td te

= (TS 8.2.4, Eqn. 8.16)
ZAe fyd

and the required closed stirrup area per unit spacing, Aqt/s, is calculated as:

A A, Ao rs82.4, Eqn. 8.13)

S S S
V, -V

Ay _Va-Ve) (TS 8.2.4, Eqn. 8.14)
s df g

Ao To (15824 Eqn. 8.15)
S Z'Abfywd

where, the minimum value of Ao /s is taken as:
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13.6

13.6.1

A _ 0.15M(1+ ﬁ}bw (TS 8.2.4, Eqn. 8.17)
S fywa Vqb,,

where, ﬁ <10

dMw

An upper limit of the combination of Vq and Ty that can be carried by the sec-
tion also is checked using the following equation.

Ta \ Vo 020t (TS 8.2.5b, Eqn. 8.19)
S ' b,d

The maximum of all the calculated A, and A, /s values obtained from each de-

sign load combination is reported along with the controlling combination
names.

The beam torsion reinforcement requirements considered by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal reinforcement requirements to satisfy spacing considerations must
be investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis, and a flexural de-
sign is carried out based on the ultimate strength design method (TS 500-2000)
for reinforced concrete as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the de-
sign of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
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placement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

= Determine factored 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.

13.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

13.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.
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13.6.2

13.6.1.3 Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (TS 11.4.5):

As.min = 0.0020 bh for steel grade S220 (TS11.4.5)
Asmin = 0.00175 bh for steel grade S420 and S500 (TS11.4.5)

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.

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 sections.

13.6.2.1 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 13-4 shows the
auto punching perimeters considered by SAFE 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 13-4 Punching Shear Perimeters

13.6.2.2 Determine Concrete Capacity
The concrete punching shear stress capacity is taken as the following limit:

Vor = fog =035\ /7 (TS 8.3.1)

13.6.2.3 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, vyq, is calculated as:

v 04M . ud 04M_, ud
pd + pd.2"p +n PA377 | \where (TS8.3.1)

Vg = 1
u pd Vdem,z Vdem,S

n  factor to be used in punching shear check
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13.6.3

where b, >0.7b,

1
T Jo, b,

When the aspect ratio of loaded area is greater than 3, the critical prime-
ter 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

Wrn section modulus of area within critical punching perimeter (up)
along bending axis 2 and 3.

13.6.2.4 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 the punching shear capacity ratio by SAFE. If this ratio exceeds 1.0, punch-
ing shear reinforcement is designed as described in the following section.

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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
described in the subsections that follow.
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13.6.3.1 Determine Concrete Shear Capacity

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

Vor = g =0.35 o /7 (TS 8.3.1)

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

Vor max =1.57 g =0.525y4/ foi /;/C for shear links/shear studs (TS 8.3.1)

Given Vpd, Vpr, and Vprmax, the required shear reinforcement is calculated as fol-
lows,

V,-V
A _ M (TS8.1.4)
S f,qd
= If Vpa > Vprmax, @ failure condition is declared. (TS8.3.1)

= If Vg exceeds the maximum permitted value of Vyrmax, the concrete section
should be increased in size.

13.6.3.3 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 13-6 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.
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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(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 col-
umns respectively.

13.6.3.4 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 adja-
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cent 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, <642,/
S<

(ACI 11.11.5.2)
050d 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 (ACI11.11.3)

$<0.50d (ACI 11.11.3)
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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 SAFE 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 require-
ments 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 Avrea of tension reinforcement, mm?

A's Area of compression reinforcement, mm?
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Table 14-1 List of Symbols Used in the NTC2008

Asi
Asw
Asw /sy
Ails

fctm

fcwd

fcwk

14 -2 Notations

Area of longitudinal reinforcement for torsion, mm?
Total cross-sectional area of links at the neutral axis, mm?
Area of shear reinforcement per unit length, mm/mm

Area of transverse reinforcement per unit length for torsion,
mm?/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 beam, mm
Effective depth of tension reinforcement, mm
Effective depth of compression reinforcement, mm
Modulus of elasticity of concrete, MPa

Modulus of elasticity of reinforcement

Design concrete strength = o fox / yc, MPa

Characteristic compressive concrete cylinder strength at 28 days,
MPa

Mean value of concrete axial tensile strength, MPa
Design concrete compressive strength for shear design = o
owk /" MPa

J/

C

Characteristic compressive cylinder strength for shear design,
MPa

Compressive stress in compression reinforcement, MPa
Design yield strength of reinforcement = fy /ys, MPa
Characteristic strength of shear reinforcement, MPa
Design strength of shear reinforcement = fyu /ys, MPa
Characteristic strength of shear reinforcement, MPa

Overall depth of section, mm
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Table 14-1 List of Symbols Used in the NTC2008

hy
Meq
m

Miim

Sv

Teq
Trae
TRd, max
u

VRdc
VRd, max
VEd

X

Xiim

Qe

Olew

&

&s

Y
Ve

Flange thickness, mm
Design moment at a section, N-mm
Normalized design moment, M/bd®nfcq

Limiting normalized moment capacity as a singly reinforced
beam

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

Effectiveness factor for shear resistance without concrete crush-
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14.2

Table 14-1 List of Symbols Used in the NTC2008

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

W Normalized tension reinforcement ratio
0 Normalized compression reinforcement ratio
Ohim 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 combina-
tions to be defined based on NTC2008 Equation 2.5.1.

2751,/'G1k,j + 27021(,1621(,1 +P+ 7@,10k,1 + Z7Q,fwo,10k,f (Eq. 2.5.1)

j>1 >1 i>1

Load combinations considering seismic loading are automatically generated
based on NTC2008 Equation 2.5.5.

DG, 2 TPHEYY W, O (Eq. 2.5.5)
>1

j>1 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/mrn2

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
(Ag)x >7.5% 10.0

NTC Table 11.3.Ic: Material TYPE B450A Properties

Properties Prerequisite | Fracture %
Characteristic yield stress, fy > fy.nom 5.0
Characteristic rupture stress, fi > fy.nom 5.0
(fu fy)x > 1.05

<125 10.0
Elongation at rupture
(fy/ fy'nom)k < 125 100
(Agi)k >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)
ES AR (NTC Eq. 4.1.6)
frwa = Fouc /s (NTC Eg. 4.1.6)

acc IS the coefficient taking account of long term effects on the compressive
strength. occ is taken as 0.85 (NTC2008 4.1.2.1.1.1) by default and can be
overwritten by the user.

14 -6 Partial Safety Factors



Chapter 14 - Design for Italian NTC 2008

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.

Beam Design

In the design of concrete beams, the program calculates and reports the re-
quired areas of steel for flexure and shear based on the beam moments, shear
forces, torsions, design load combination factors, and other criteria described in
the text that follows. The reinforcement requirements are calculated at a user-
defined number of output stations along the beam span.

All beams are designed for major direction flexure, shear, and torsion on-
ly. Effects resulting from any axial forces and minor direction bending that
may exist in the beams must be investigated independently by the user.

The beam design procedure involves the following steps:

= Design flexural reinforcement
= Design shear reinforcement

= Design torsion reinforcement

Design Beam Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at output stations
along the beam span. The following steps are involved in designing the flexural
reinforcement for the major moment for a particular beam, at a particular sec-
tion:

Determine the maximum factored moments

= Determine the required reinforcing steel

Beam Design  14-7
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145.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each design load combination at a particular beam section are ob-
tained by factoring the corresponding moments for different load cases with the
corresponding design load combination factors.

The beam section is then designed for the factored moments obtained from
each of the design load combinations. Positive moments produce bottom steel.
In such cases, the beam may be designed as a rectangular or a T-beam section.
Negative moments produce top steel. In such cases, the beam is always de-
signed as a rectangular section.

14.5.1.2 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 can avoid the need for compression rein-
forcement 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 14-7 (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 ad-
ditional tension reinforcement.

The design procedure used by the program for both rectangular and flanged
sections (T-beams) is summarized in the following subsections. It is assumed
that the design ultimate axial force is negligible, hence all beams are designed
ignoring axial force.

14 -8 Beam Design
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Figure 14-7 Rectangular beam design

In designing for a factored negative or positive moment, Mgq (i.€., designing
top or bottom steel), the effective strength and depth of the compression block
are given by accfca and fx (see Figure 14-7) respectively, where:

B=08
Occ = 085

fck
Ye

de = OLCC if ka S 50N /mm2

o, =0.85
v. =15

if f, >50N /mm? NTC 2008 refer to Eurocode 2:

fck

fcd =0cM
¢

1= 1.0 — (fu — 50)/200 for 50 < fy < 90 MPa

(NTC §4.1.2.1.2.2)

(NTC §4.1.2.1.2.2)

(EC2 Eq. 3.22)
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For the design of the beams a ductility criterion, suggested in Eurocode 2 § 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)iim, is expressed as a function of the ratio of the
redistributed moment to the moment before redistribution, &, as follows:

(x/d),. =(5—k)/k, forfo <50 MPa (EC2 Eq. 5.10a)
(x/d),. =(5—ks)/k, for fu>50 MPa (EC2 Eg. 5.10b)

No redistribution is assumed, such that ¢ is assumed to be 1. The four factors,
k1, 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, &, is determined from EC2 Table 3.1 as:

&z = 0.0035 for fo < 50 MPa (NTC §4.12.1.2.2)
gz = 2.6 +35[ (90— 1, )/100] for fu>50 MPa  (NTC §4.1.2.1.2.2)

145.1.2.1 Rectangular Beam Flexural Reinforcement

For rectangular beams, the normalized moment, m, and the normalized section
capacity as a singly reinforced beam, miim, are determined as:

M
bd? f,,

_a x _Blx
moo(3) |-4l5)

14 -10 Beam Design
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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 beam will be adequate. Calculate the normal-
ized steel ratio, o, and the required area of tension reinforcement, As, as:

o=1-+/1-2m

A=o f.,bd
fl
This area of reinforcing steel is to be placed at the bottom if Mgq is positive,

or at the top if Mgy is negative.

= If m > miim, compression reinforcement is required. Calculate the normalized
steel ratios, ®', wim, and o, as:

X [
im — - =1_ 1—2127
o ﬂ[dJlim lim

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 A, as:

A g | T
f,

A= o | fubd
fyd

where f,', the stress in the compression steel, is calculated as:
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fs' = EsSc |:1_ d :| Sfyd

lim

As is to be placed at the bottom and As' is to be placed at the top if Mgq is
positive, and As' is to be placed at the bottom and As is to be placed at the top
if Mgq is negative.

145.1.2.2 T-Beam Flexural Reinforcement

In designing a T-beam, a simplified stress block, as shown in Figure 14-8, is
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 ignored. In that case,
a simplified stress block, similar to that shown in Figure 14-8, is assumed on
the compression side.

14.5.1.2.2.1 Flanged Beam 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
rectangular beam, i.e., no specific T-beam data is used.

14.5.1.2.2.2 Flanged Beam Under Positive Moment

In designing for a factored positive moment, Mgqy, the program analyzes the
section 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
rectangular beam with a width by. If the stress block extends into the web, addi-
tional calculation is required.

For T-beams, the normalized moment, m, and the normalized section capacity
as a singly reinforced beam, mjim, are calculated as:
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Calculate the normalized steel ratios wiim and o, as:

5 X
o _ﬁ( d jlim

w=1-+1-2m

Calculate the maximum depth of the concrete compression block, Xmax, and the
effective depth of the compression block, x, as:

Xmax = ®fim 0
X=od

The reinforcing steel area is determined based on whether m is greater than,
less than, or equal to Miim.

= |If x < ht, the subsequent calculations for As are exactly the same as previ-
ously defined for rectangular beam design. However, in this case, the width
of the beam is taken as br, as shown in Figure 14-8. Compression rein-
forcement is required if m>myy .

= 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 14-8.

= The required reinforcing steel area, Asz, and corresponding resistive mo-
ment, M3, for equilibrating compression in the flange outstands are calcu-
lated as:

(bf - bw)hf fcd

fyd

2=

h
MZZAQUdd_Y?
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Figure 14-8 T-beam design

Now calculate the required reinforcing steel area As for the rectangular
section of width by to resist the remaining moment M1 = Mgq — M2. The
normalized moment, m1 is calculated as:

The reinforcing steel area is determined based on whether m; is greater
than, less than, or equal to Mjin.

= If my <miim, & singly reinforced beam will be adequate. Calculate the
normalized steel ratio, w; and the required area of tension rein-
forcement, Asy, as:

o =1-+1-2m

. [m}

yd

= If my > mim, compression reinforcement is required. Calculate the
normalized steel ratios, ®', iim, and ®, as:

14 - 14 Beam Design
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™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 reinforce-
ment, As’ and A, as:

A = o | Jubd
f

Au= o f,bd

L fyd i

where s, the stress in the compression steel, is calculated as:

fs' = Esgc |:1_d—:| Sfyd

lim

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 tensile steel reinforcement, Asmin, required in a beam
section is given as the maximum of the following two values:

Asrin = 0.26 ( fum/ Ty ) brd (NTC Eq. 4.1.43)

Asmin = 0.0013by d (NTC Eq. 4.1.43)
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where b is the mean width of the tension zone, equal to the web width for T-
beams, and f.m is the mean value of axial tensile strength of the concrete, cal-

culated as:
fom = 0.30f3 29 for fu <50 MPa (NTC Eq. 11.2.3)
fom = 2.12 In(1+ f,/10)  for fu > 50 MPa (NTC Eq. 11.2.3b)
fon = f + 8 MPa (NTC Eq. 11.2.2)

The maximum flexural steel reinforcement, Asmax , permitted as either tension
or compression reinforcement is defined as:

Asmax = 0.04A; (NTC§4.16.1.1)

where A is the gross cross-sectional area.

14.5.2 Design Beam Shear Reinforcement

The required beam shear reinforcement is calculated for each design load com-
bination at each output station along the beam length. The following assump-
tions are made for the design of beam shear reinforcement:

»= The beam section is assumed to be prismatic. The shear capacity is based
on the beam width at the output station and therefore a variation in the
width of the beam is neglected in the calculation of the concrete shear ca-
pacity at each particular output station.

= All shear reinforcement is assumed to be perpendicular to the longitudinal
reinforcement. Inclined shear steel is not handled.

The following steps are involved in designing the shear reinforcing for a par-
ticular beam, for a particular design load combination resulting from shear
forces in a particular direction:

= Determine the design forces acting on the section, Neq and Veq. Note that
NEeq is needed for the calculation of Vgeq.

= Determine the maximum design shear force that can be carried without
crushing of the notional concrete compressive struts, Veca.
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= 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.

145.2.1 Determine Design Shear Force

In the design of the beam shear reinforcement, the shear forces and moments
for a particular design load combination at a particular beam section are ob-
tained by factoring the associated shear forces and moments with the corre-
sponding design load combination factors.

14.5.2.2 Determine Concrete Shear Capacity

The shear force carried by the concrete, Vg, is calculated as:
13
Ve =| Crock(100p, Ty ) + ko by (EC26.2.2(1))

with a minimum of:

Veae = (Vinin + Kiop ) by d (EC26.2.2(1))
where
fu is in MPa
k=1+, /% <2.0 with din mm (EC26.2.2(1))
; ; ; Asl
o = tension reinforcement ratio = 0 d <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 Crq,, Vmin and ki for use in a country may be found in its National
Annex. The program default values for Cra,c, Vmin, and ki are given as follows
(EC26.2.2(2)):
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Cra,c= 0.18/yc (EC26.2.2(1))
Vmin = 0.035 k¥2 f, 12 (EC26.2.2(1))
ki =0.15. (EC26.2.2(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))

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, Vrea. If the de-
sign shear force exceeds this limit, a failure condition occurs. The maximum
sustainable shear force is defined as:

cota +cot g

Vg =0.9-d by, -, Ty -
Red 1 cot? 9

(NTC Eg. 4.1.19)

a, =1 for members not subjected to axial compression

_14 %@

for 0< o, <0.25f,

cp =
cd

2125 fOI’ 025 fcd SO—Cp SOS de

O¢p

= 2.5(1+
cd

j fOI’ 05 fcd Sacp < de

fc‘d = 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 @to be taken between 21.8 and 45 degrees.
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If torsion is significant i.e., Tes > Tcr Where T is defined as:

V,
Ter :TRd,c Ll_MJ (EC2 Eq. 6.31)

Rd,c

and if the load combination include seismic, the value of @ is taken as 45°.
However, for other cases @is optimized using the following relationship:

(cotd +tan@) = 0.9\ feg /Veg

where

21.8°<0<45°

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:

A v 1

sw Ed

s 0.9d-f,, .(cota+cot0)sina

(NTC Eg. 4.1.18)

with o =90 degrees and 3 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 and minor directions of the beam,
along with the controlling combination name.

The calculated shear reinforcement must be greater than the minimum rein-
forcement:

A =150

Ssw,min
with b in millimeters and Asw, min in mm?/mm.

The beam 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.
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14.5.3 Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at a
user-defined number of output stations along the beam span. The following
steps are involved in designing the longitudinal and shear reinforcement for a
particular station due to beam torsion:

= Determine the factored torsion, Tgq.
= Determine torsion section properties.

= Determine the reinforcement steel required.

145.3.1 Determine Factored Torsion

In the design of torsion reinforcement of any beam, the factored torsions for
each design load combination at a particular design station are obtained by fac-
toring the corresponding torsion for different load cases with the corresponding
design load combination factors.

14.5.3.2 Determine Torsion Section Properties

For torsion design, special torsion section properties, including A, t, u, and un
are calculated. These properties are described as follows (NTC § 4.1.2.1.4).

A = areaenclosed by centerlines of the connecting walls, where the
centerline is located a distance of t/2 from the outer surface

t = A, /u = effective wall thickness

Ac = area of the section
u = outer perimeter of the cross-section
Um = perimeter of the area A

For torsion design of T-beam sections, it is assumed that placing torsion rein-
forcement in the flange area is inefficient. With this assumption, the flange is
ignored for torsion reinforcement calculation. However, the flange is consid-
ered during calculation of the torsion section properties.

With this assumption, the special properties for a Rectangular beam section are
given as follows:
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Ac. = bh
A= (b-t)(h-t)
u = 2b+2h

Un= 2(b—-1t)+2(h-t)

where, the section dimensions b, h, and t are shown in Figure 14-9. Similarly,
the special section properties for a T-beam section are given as follows:

A:= b,h+(b; —b,)d,
A= (bi-t)(h-t)

u = 2bs+2h

um= 2(bi—t) +2(h—-1)

where the section dimensions b, bw, h, and ds for a T-beam are shown in
Figure 14-9.

—p{ce—b-2cPcle— < by ——»
+ : :
T R ] ‘. —
h-2c h h h-2c
l @) O J e 0O J
c c
* «—b—» b, —2cH
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 14-9 Closed stirrup and section dimensions for torsion design
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145.3.3 Determine Torsion Reinforcement

It is assumed that the torsional resistance is provided by closed stirrups, longi-
tudinal bars, and compression diagonals.

The ultimate resistance of compression diagonals is:

- cotd
T =2-At-f, 6 ——M NTC Eq. 4.1.27
Red “ 1+cot?6 ( | )
fc'd :O'Sfcd

6 is the angle of the compression diagonals, as previously defined for
beam shear. The code allows any value between 21.8° and 68.2° (NTC
Eqg. 4.1.30), while the program assumes the conservative value of 45°.

An upper limit of the combination of Veq and Teq that can be carried by the sec-
tion without exceeding the capacity of the concrete struts is checked using the
following equation.

T |4
—fd B <10 (NTC Eq. 4.1.32)
TRcd Red

If the combination of Veq and Teq exceeds this limit, a failure message is de-
clared. In that case, the concrete section should be increased in size.

The ultimate resistance of the closed stirrups is:

A
=-f ,-cotf (NTC Eq. 4.1.28)
S H

Tdezz'A.

A_= stirrups’ area
S

By reversing the equation 4.1.28 and imposing 7,,, =T, , it is possible to cal-

culate the necessary steel area.
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14.6

14.6.1

Finally the resistance of longitudinal bars is:

T :2-A-M-i (NTC Eq. 4.1.28)
kid u_ cotd T

ZA1 area of the total longitudinal bars

By reversing the equation 4.1.28 and imposing 7,,, =T, , it is possible to cal-

culate the necessary steel area.

The maximum of all the calculated Ajand A/s values obtained from each de-

sign load combination is reported along with the controlling combination
names.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements
and longitudinal rebar requirements to satisfy spacing considerations must be
investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE 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
moments for a particular strip are recovered from the analysis and a flexural
design is carried out based on the ultimate strength design method (NTC2008)
for reinforced concrete, as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
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displacement vectors. These moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

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

These two steps, described in the subsections that follow, are repeated for eve-
ry load combination. The maximum reinforcement calculated for the top and
bottom of the slab within each design strip, along with the corresponding con-
trolling load combination, is obtained and reported.

14.6.1.1 Determine Factored Moments for Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

14.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.
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14.6.2

14.6.1.3 Minimum and Maximum Slab Reinforcement

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

A min = 0.26%bd (NTC Eq. 4.1.43)
yk
A nin =0.00130d (NTC Eq. 4.1.43)

where fem IS the mean value of axial tensile strength of the concrete and is
computed as:

f_ =0.30f, % for fu <50 MPa (NTC Eq. 11.2.3a)
fom = 2.12I0(1+ f,,, /10) for fu > 50 MPa (NTC Eq. 11.2.3b)
f_=1f,+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 §
4.1.6.1.1).

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.

NTC2008 for the punching shear check refers to Eurocode2-2004.

14.6.2.1 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 6-4 shows the auto punching perimeters consid-

Slab Design 14 -25



SAFE Reinforced Concrete Design

ered by SAFE for the various column shapes. The column location (i.e., interi-
or, edge, corner) and the punching perimeter may be overwritten using the
Punching Check Overwrites.

~————————
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Interior Column Edge Column
— //____ \
//’ \\ 2 2d / /\ \\
/ \ \
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Figure 6-4 Punching Shear Perimeters

14.6.2.2 Determination of Concrete Capacity

The concrete punching shear stress capacity is taken as:

Vg =| Crock (200, )" + ko | (EC2 6.4.4(1))
with a minimum of:

Vege = Vi + ki ) (EC2 6.4.4(1))

where f is in MPa and

k=1+ /% <2.0 with d in mm (EC2 6.4.4(1))
pr= /oy, <002 (EC2 6.4.4(1))

14 -26 Slab Design



Chapter 14 - Design for Italian NTC 2008

where pix and piy are the reinforcement ratios in the x and y directions respec-
tively, conservatively taken as zeros, and

Ocp = (O'cx + Ucy)/z (EC2 644(1))

where acx and ocy are the normal concrete stresses in the critical section in the x
and y directions respectively, conservatively taken as zeros.

Cro.o =0.18/7, (EC2 6.4.4(1))
v =0035k¥2f " (EC2 6.4.4(1))
ki=0.15 (EC2 6.4.4(1))

14.6.2.3 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 Mg, U
Veg Ve gy Mt Meo ot , where (EC2 6.4.4(2))
ud VEdW1,2 VEdW1,3

k is the function of the aspect ratio of the loaded area in Table 14.1 of
EN 1992-1-1

ur 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

Veq s the total punching shear force

W, accounts for the distribution of shear based on the control perimeter
along bending axis 2 and 3.
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14.6.3

14.6.2.4 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 SAFE. 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
performed as described in the subsections that follow.

14.6.3.1 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.

14.6.3.2 Determine Required Shear Reinforcement

The shear is limited to a maximum of Vreq calculated in the same manner as
explained previously for beams.

Given Veq, Vrdc, and Vred , the required shear reinforcement is calculated as fol-
lows (EC2 6.4.5).

®* If VRdc < VEd < VRed
(Veg =0.75Vg . )

A, = (ud)s, (EC2 6.4.5)
15 e !

= If Ved > 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.
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Y

14.6.3.3 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 6-5 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 N peripheral line
studs shown) of studs of studs Free
—l_ - _ edge
d/2 — d/2 l,
9
S

X O O.
Critical

2 SL

I

=

! j—
d/2

\

Free edge —/

—

section A
centroid Free_/4___4_/ \\
edge y’ c X

I rltical section
— \N— \V centroid

Interior Column Edge Column Corner Column

Figure 6-5 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 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 col-
umns respectively.

14.6.3.4 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 di-
ameter of the flexural reinforcement.
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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
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))
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Chapter 15
Design for Hong Kong CP-2013

15.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the Hong Kong limit state code CP-2013
[CP 2013] is selected. The various notations used in this chapter are listed in
Table 15-1. 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 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 15-1 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?

15-1
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Table 15-1 List of Symbols Used in the CP-2013 Code

As 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?

As /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 beam, 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
hs Flange thickness, mm
Nimin Smaller dimension of a rectangular section, mm
Nimax Larger dimension of a rectangular section, mm
K i ) M

Normalized design moment, ;
bd*f,,
K' Maximum M, for a singly reinforced concrete section
bd?f,,

k1 Shear strength enhancement factor for support compression
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15.2

Table 15-1 List of Symbols Used in the CP-2013 Code

%
k Concrete shear strength factor, [fCu / 25]

M Design moment at a section, N-mm

Msingle  Limiting moment capacity as singly reinforced beam, N-mm

S Spacing of the links along the length of the beam, 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 beam 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?
Ve 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

£ Strain in compression reinforcement

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
obtained by multiplying the characteristic loads by appropriate partial factors
of safety, y: (CP 2.3.1.3). For CP-2013, if a structure is subjected to dead (G),
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15.3

15.4

live (Q), pattern live (PQ), and wind (W) loads, and considering that wind
forces are reversible, the following load combinations may need to be consid-
ered. (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 SAFE 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, fci, 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
beams and slabs or for torsion design of beams. The input material strengths
are used for design even if they are outside of the limits. It is the user's respon-
sible 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, ym. The val-
ues of y, 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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15.5

15.5.1

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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the sections that follow. The reinforcement requirements are calculated at each
station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the length of the beam. In designing the flexural reinforcement for the
major moment of a particular beam, for a particular station, the following steps
are involved:

= Determine factored moments

= Determine required flexural reinforcement
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15.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored
moments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

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

15.5.1.2 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 15-1 (CP 6.1.2.4(a)), where & max is defined as:

0.0035 if f, <60N/mm?
ax — }/ . )
0.0035-0.00006( f,, —60)2 if fy, >60N/mm

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?
gs 0.4 for 45<f, <70 N/mm? (CP 6.1.2.4(b))

cu —

0.33 for 70< f,, <100N/mm?
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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
remains at the maximum permitted value.

The depth of the compression block is given by:

0.9x for f <45 N/mm?

cu

a=:0.8x 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 SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete 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 beams are de-
signed for major direction flexure, shear, and torsion only. Axial compression
greater than 0.1f.,Ay and axial tensions are always included in flexural and
shear design.

15.5.1.2.1Design of Rectangular Beams
For rectangular beams, the limiting moment capacity as a singly reinforced

beam, Msingle, is Obtained first for a section. The reinforcing is determined based
on whether M is greater than, less than, or equal to Msinge. See Figure 15-1

Calculate the ultimate limiting moment of resistance of the section as singly re-
inforced.

Msingle = K'feu 002, where (CP 6.1.2.4(c), Eqn. 6.8)

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 < Msingie, the area of tension reinforcement, As, is obtained from:

M
= , Where CP 6.1.2.4(c), Egn. 6.12
A5 ( (c). Eqn. 6.12)
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Figure 15-1 Rectangular Beam Design

zZ= d[0.5+ ‘/0.25—%] <0.95d (CP6.1.2.4(c), Egn. 6.10)

M
fbd?

cu

K =

(CP6.1.2.4(c) , Eqn. 6.7)

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

= If M > Msingie, cOMpression reinforcement is required and calculated as fol-
lows:

M- M
A = single (CP 6.1.2.4(c), , Egn. 6.15)

(f; _Mj(d_d')

C
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where d’ is the depth of the compression reinforcement from the concrete
compression face, and

, d .
f —E.s, (1—?J <0.87f,, (CP 6.1.2.4(c), 3.2.6, Fig. 3.9)
E, for f., <45N/mm?
0.45
d-z

X = 040" for 45< f,, <70 N/mm? (CP 6.1.2.4(a), Fig 6.1, Eqn. 6.11)

E, for 70< f,, <100 N/mm?
0.36

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:

_ I\/Isingle n M_Msingle
0.87f,z 0.87f,(d-d")

A (CP 6.1.2.4(c))

15.5.1.2.2Design of Flanged Beams

15.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

15.5.1.2.2.2 Flanged Beam Under Positive Moment

With the flange in compression, the program analyzes the section by consider-
ing alternative locations of the neutral axis. Initially, the neutral axis is as-
sumed 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 rectangular beam of
width by. If the stress block extends beyond the flange depth, the contribution
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of the web to the flexural strength of the beam is taken into account. See Figure

15-2.
Assuming the neutral axis to lie in the flange, the normalized moment is given
by:
M
K=s——. (CP6.1.2.4(c) , Eqn. 6.7)
f., bsd

Then the moment arm is computed as:

7= {o.5+ /o.zs—o—g}s 0.95d, (CP 6.1.2.4(c), . Eqn. 6.10)

the depth of the neutral axis is computed as:
922 for f., <45N/mm?
5
X = % for 45<f, <70N/mm?® (CP 6.1.2.4(c), Fig 6.1, , Eqn. 6.11)

—;é’ for 70 < f,, <100 N/mm?

and the depth of the compression block is given by:
0.9x for f, <45 N/mm?

a=408x for 45<f, <70N/mm’ (CP 6.1.2.4(a), Fig 6.1)
0.72x for 70<f, <100 N/mm?

cu -

= |f a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in that case, the width
of the beam 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, Cs, and the second part is for balanc-
ing the compressive force from the web, Cy, as shown in Figure 15-2.
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Figure 15-2 Design of a T-Beam Section
In that case, the ultimate resistance moment of the flange is given by:

M, = (t,ﬂfm (5, —b,)h,(d—0.5h,)

The moment taken by the web is computed as:
M, =M-M,

and the normalized moment resisted by the web is given by:

M

K= ——*

CcH bw d2
» If Ky <K' (CP 6.1.2.4(c)), the beam is designed as a singly reinforced con-
crete beam. 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.
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M, M,
= +
0.87f,(d—0.5h;) 0.87f,z

z=d 0.5+1/O.25—& <0.95d
0.9

= |If Ky > K’, compression reinforcement is required and is calculated as fol-
lows:

, Where

A

The ultimate moment of resistance of the web only is given by:
M,, = Kf_b,d?

The compression reinforcement is required to resist a moment of magnitude
Mw — Muw. The compression reinforcement is computed as:

’ MW — I\/Iuw

(f;_o.es?fqu(d_d,)

c

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:

1 Mf IVluw IVlw_'vluw
= + +
087f,|d—-05h, z = d-d’

z=d| 0.5+ ,/O.ZS—L <0.95d
0.9

A
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15.5.1.2.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the following table, which is taken from CP Table 9.1(CP 9.2.1.1) with
interpolation for reinforcement of intermediate strength:

Definition of Minimum percentage
Section Situation percentage fy =250 MPa | f, = 460 MPa
AS
Rectangular — 100 E 0.24 0.13
b <04 100 A
< 0.32 0.18
T c:': L—E;)e_am b, b, h
with web in
. b, A,
tension =04 | 100 0.24 0.13
b, b,h
T-Beam with A
web in com- 100 — 0.48 0.26
pression W
L-Beam with A
web in com- — 100 — 0.36 0.20
pression W

The minimum flexural compression reinforcement, if it is required, provided in
a rectangular or flanged beam is given by the following table, which is taken
from CP Table 9.1 (CP 9.2.1.1).

Definition of Minimum
Section Situation percentage percentage
AI
Rectangular — 100 —~ 0.20
bh
AI
Web in tension 100 b ; 0.40
£l
T or L-Beam N
Web in compression 100 b Sh 0.20
w

An upper limit of 0.04 times the gross cross-sectional area on both the tension
reinforcement and the compression reinforcement is imposed upon request as

follows (CP 9.2.1.3):
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<

0.04bd Rectangular beam
{0.04de Flanged beam
» {0.04bd Rectangular beam
7 10.04b,d  Flanged beam

(CP9.2.1.3)

15.5.2 Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam major shear, the following steps are involved (CP 6.1.2.5):

= 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.

15.5.2.1 Determine Shear Stress

In the design of the beam shear reinforcement, the shear forces for each load
combination at a particular beam station are obtained by factoring the corre-
sponding shear forces for different load cases, with the corresponding load
combination factors. The shear stress is then calculated as:

\Y

V=—
bd

(CP 6.1.2.5(a))

The maximum allowable shear stress, vmax is defined as:

Vinex = Min(0.8/f,, , 7 MPa) (CP 6.1.2.5())

15.5.2.2 Determine Concrete Shear Capacity

The shear stress carried by the concrete, v, is calculated as:
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Vi =V, +0.6N—Vh§vC 1+l (CP6.1.2.5(k) , Egn. 6.22)
M AV,
b %
Vv, = 0.79k;k, (1004, (400j (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))
k f & 1<k 80% CP 6.1.2.5(c), Table 6.3
= | = | <k, <|— .1.2.5(c), Table 6.
’ ( 25) =25 ( © )
7 =125 (CP 6.1.2.5(c), Table 6.3)

However, the following limitations also apply:

0.15<20A

<3, (CP 6.1.2.5(c), Table 6.3)

400 %> 0.67, Members without shear reinforcement
d ~ 1.00, Members with shear reinforcement

(CP 6.1.2.5(c), Table 6.3)

Vh g (CP 6.1.2.5(k))

M

15.5.2.3 Determine Required Shear Reinforcement

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, vy, as:
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15.5.3

0.4 it f, <40V .
%
f .
V. = 0.4( ‘%o) if 40< f, <80Y . (CP6.L25(b), Table6.2)

0.4(89 40)% it f,>80Y .

= Ifv<V'e+ v, minimum reinforcement is required:

A_ b (CP 6.1.2.5(b))

= fv>Vvi+vy,

v—-V'.)b
Av =@ (CP 6.1.2.5(b))
s, 0871,
» If v > vinax, a failure condition is declared. (CP6.1.2.5(b))

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

The beam 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 in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in
designing the longitudinal and shear reinforcement for a particular station due
to the beam torsion:

= Determine the torsional shear stress, vy.

= Determine special section properties.
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= Determine critical torsion stress.

= Determine the torsion reinforcement required.

15.5.3.1 Determine Torsional Shear Stress

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases, with the corresponding load combination fac-
tors.

In typical framed construction, specific consideration of torsion is not usually
required where torsional cracking is adequately controlled by shear reinforce-
ment. If the design relies on the torsional resistance of a beam, further consid-
eration should be given, as follows (CP 6.3.1).

The torsional shear stress, v, for a rectangular section is computed as:

2T
(hmw__hmm/3)

v, (CP 6.3.3(2))

)

hmm
For flanged sections, the section is considered as a series of rectangular
segments and the torsional shear stress is computed for each rectangular com-
ponent using the preceding equation, but considering a torsional moment

attributed to that segment, calculated as:

himhmw
T =T he h (CP 6.3.3(b))
hmax = Larger dimension of a rectangular section

hmin = Smaller dimension of a rectangular section

If the computed torsional shear stress, v;, exceeds the following limit for sec-
tions with the larger center-to-center dimension of the closed link less than 550
mm, a failure condition is generated:

v, <min(0.8,/T,, , 7 N/mm?) x% (CP 6.3.4, Table 6.17)
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Where 'y, is the larger center-to-center dimension of a rectangular link.

15.5.3.2 Determine Critical Torsion Stress
The critical torsion stress, vimin, for which the torsion in the section can be
ignored is calculated as:

Vi min = min(0.067 f,,0.6 N/mmz) (CP 6.3.4, Table 6.17)

where fey is the specified concrete compressive strength.

15.5.3.3 Determine Torsion Reinforcement

If the factored torsional shear stress, v; is less than the threshold limit, vimin, tor-
sion can be safely ignored (CP 6.3.5). In that case, the program reports that no
torsion reinforcement is required. However, if v; exceeds the threshold limit,
Vemin, It 1S @ssumed that the torsional resistance is provided by closed stirrups
and longitudinal bars (CP 6.3.5).

%{c%b—ZC%C% ! “« b —
Y Y
c
R ] ‘. o
h-2c h h h-2c
l ) O J @) @)
C C
* ‘Hb — by, —2cle
<«—b,—>»
Closed Stirrup in Closed Stirrup in
Rectangular Beam T-Beam Section

Figure 15-3 Closed stirrup and section dimensions for torsion design
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15.6

= If vi > vimin, the required closed stirrup area per unit spacing, Asv: /Sy, is cal-
culated as:

A _ T
s, 08xy,(0.87f,)

(CP 6.3.6, Eqn. 6.67)

\Y

and the required longitudinal reinforcement is calculated as:

— Asv,t fyv (Xl + yl)
s, f,

A (CP 6.3.6, Eqn. 6.68)

In the preceding expressions, x: is the smaller center-to-center dimension of
the closed link, and y; is the larger center-to-center dimension of the closed
link.

An upper limit of the combination of v and v that can be carried by the sec-
tion also is checked using the equation:

VY, < min(0.8 f,.7 N/mmz) (CP6.3.4)

If the combination of v and v: exceeds this limit, a failure message is de-
clared. In that case, the concrete section should be increased in size.

The maximum of all of the calculated A, and Ast/sv values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE 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
moments for a particular strip are recovered from the analysis, and a flexural
design is performed based on the ultimate strength design method (CP-2013)
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15.6.1

for reinforced concrete, as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal
displacement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

The design of the slab reinforcement for a particular strip is completed at spe-
cific locations along the length of the strip. Those locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
the element boundaries. The slab flexural design procedure for each load com-
bination involves the following:

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

These two steps are described in the subsections that follow and 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.

15.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

15.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
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15.6.2

the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

15.6.1.3 Minimum and Maximum Slab 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 rein-
forcement 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 compression
reinforcement has been imposed to be 0.04 times the gross cross-sectional area
(CP9.2.1.3).

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 subsections.

15.6.2.1 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 concen-
trated loads, the critical area is taken as a rectangular area with the sides paral-
lel to the sides of the columns or the point loads (CP 6.1.5.7). Figure 15-4
shows the auto punching perimeters considered by SAFE for the various col-
umn 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 15-4 Punching Shear Perimeters

15.6.2.2 Determine Concrete Capacity
The concrete punching shear factored strength is taken as (CP 6.1.5.7(d), Table

6.3):
7 %
Vv, = 0.79kk, [ 100A, (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))
£,V 80"
ke= | 2| 1<k <|— (CP 6.1.2.5(c), Table 6.3)
25 25
7 =125 (CP2.4.3.2, Table 2.2)

However, the following limitations also apply:
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100A
bd

0.15< <3, (CP 6.1.2.5(c), Table 6.3)

400 %> 0.67, Members without shear reinforcement
d ~ | 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)

15.6.2.3 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
Vi =V | T4 Xj (CP 6.1.5.6(b), 6.1.5.6(c))
y
1.5M
Vi =V | T+ Y (CP 6.1.5.6(h), 6.1.5.6(c))
X
Veff,x
ud
Ve = Max (CP6.15.7)
Veff,y
ud
where,
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15.6.3

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 col-
umn at the connection,

V is the total punching shear force, and

f isafactor to consider the eccentricity of punching shear force and is
taken as

1.00 for interior columns
f=<125 foredge columns (CP 6.1.5.6(b), 6.1.5.6(c))
1.25  for corner columns

15.6.2.4 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 SAFE. 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
carried out as described in the subsections that follow.
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15.6.3.1 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.

15.6.3.2 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<1.6v,

- d
A _(v-v)ud | vud (CP 6.1.5.7(e))
s 087f, 087f,

= Jf1.6ve <v<20v,

A _ 5(0.7v -V, ud S v.ud

(CP 6.1.5.7(¢))

S 087f,  087f,
0.4
v = £ \?? N/mm? (CP 6.1.5.7, Table 6.2)
04| -
40
= |f v > 2.0v,, 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.

15.6.3.3 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
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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 col-
umns respectively.

Typical Studrail Outermost Outermost

(only first and last peripheral line N peripheral line
studs shown) —l_ of studs N— of studs Eree
— - "% \/d/Z

—, d/2 —F-z~ |y edge
N
[ 9 PN % i
1S Q—XP g |<—| 1 S |<—| |
| 1 - - — X <te— X O ) ll
! 0 1i\y i 0 |+
ol = Critical J ',' d/2
section L Y, %4
R centroid  Free /| 4___‘_/ N
edge 4 _X .
Free edge /| lx\y 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

15.6.3.4 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.
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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 < 15d (CP 6.1.5.7(f))

Stirrups are only permitted when slab thickness is greater than 200 mm (CP
6.1.5.7(e)).
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Chapter 16
Design for ACI 318-14

16.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE when the American code ACI 318-14 [ACI 2014]
is selected. Various notations used in this chapter are listed in Figure 16-1. For
referencing to the pertinent sections or equations of the ACI code in this chap-
ter, a prefix “ACI” followed by the section or equation number is used herein.

The design is based on user-specified load 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 inch-pound-second units. For simplicity, all equations and descrip-
tions presented in this chapter correspond to inch-pound-second units unless
otherwise noted.

Notations

Table 16-1 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
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Table 16-1 List of Symbols Used in the ACI 318-14 Code

A
Ao
th

As
A's
At /s

Ay
Avls

amax

b
Do
Bw
b1

b,

16 -2 Notations

Area of longitudinal reinforcement for torsion, sg-in
Area enclosed by the shear flow path, sg-in

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

Area of tension reinforcement, sg-in
Area of compression reinforcement, sg-in

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

Avrea of shear reinforcement, sg-in

Area of shear reinforcement per unit length, sg-in/in
Depth of compression block, in

Maximum allowed depth of compression block, in
Width of section, in

Effective width of flange (flanged section), in
Perimeter of the punching shear critical section, in
Width of web (flanged section), in

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

Width of the punching shear critical section perpendicular to the
direction of bending, in

Depth to neutral axis, in

Distance from compression face to tension reinforcement, in
Distance from compression face to compression reinforcement, in
Modulus of elasticity of concrete, psi

Modulus of elasticity of reinforcement, psi

Specified compressive strength of concrete, psi
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Table 16-1 List of Symbols Used in the ACI 318-14 Code

f's
fy
fyt
h
hy
My
Ny

Pu
Pep
Pn

Vmax
Vs
Vu

Be

i

&

&c 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 beam, in

Critical torsion capacity, lb-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 16-1 List of Symbols Used in the ACI 318-14 Code

& 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

2] Angle of compression diagonals, degrees

16.2  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
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 re-
versible, the following load combinations may need to be considered

(AC15.3.1):
1.4D (ACI Egn. 5.3.1a)
12D +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 Egn.5.3.1b, 6.4)
1.2D +1.6L +0.5S (ACI Egn.5.3.1b)
1.2D +1.0L +1.6S (ACI Eqn.5.3.1¢)
0.9D £ 1.0W (ACI Egn.5.3.1f)
12D +1.0L +0.5L, £ 1.0W (ACI Egn.5.3.1d)
1.2D + 1.6L, + 0.5W (ACI Egn.5.3.1c)
1.2D +1.6S+ 0.5W (ACI Egn.5.3.1c)
1.2D+1.0L +0.55 +1.0W (ACI Egn.5.3.1d)
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16.3

16.4

16.5

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 SAFE 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.

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 re-
inforcement 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, SAFE 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 satis-
fied.

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.

Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
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shear forces, torsion, load combination factors, and other criteria described in
this section. The reinforcement requirements are calculated at each station
along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

16.5.1 Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement

16.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
factoring the corresponding moments for different load cases, with the corre-
sponding load factors.

The beam is then designed for the maximum positive and maximum negative
factored moments obtained from all of the load combinations. Calculation of
bottom reinforcement is based on positive beam moments. In such cases, the
beam may be designed as a rectangular or flanged beam. Calculation of top re-
inforcement is based on negative beam moments. In such cases, the beam may
be designed as a rectangular or inverted flanged beam.
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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 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 val-
ue.

The design procedure is based on the simplified rectangular stress block, as
shown in Figure 16-1 (ACI 22.2.2). Furthermore, it is assumed that the net ten-
sile 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 as-
sumed strain limit of 0.003. When the applied moment exceeds the moment
capacity at this design condition, the area of compression reinforcement is cal-
culated assuming that the additional moment will be carried by compression re-
inforcement and additional tension reinforcement.

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not exceed
(O.lf;Ag) (ACI 9.5.2.1), axial force is ignored; hence, all beams are designed

for major direction flexure, shear, and torsion only. Axial compression greater
than (0.1ngg) and axial tensions are always included in flexural and shear

design.

16.5.1.2.1 Design of Rectangular Beams

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 16-1), where,

2M
a=d —\/dz —ﬁ,”'@ (AC122.2.2)

and the value of ¢ is taken as that for a tension-controlled section, which by de-
fault 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 &min,
which is equal to 0.005 for tension controlled behavior (ACI 21.2.2, Table
21.2.2):

O = ——om% g (ACI 22.2.1.2)
£=0.003 0.85f/

Eemax + Esmin

= i

o p |4
A

O

—

(]
QD
Il
=
(@]

d
® ° L, >
4 T T
J H &y s cs
A
(I) BEAM (II) STRAIN (Il) STRESS
SECTION DIAGRAM DIAGRAM

Figure 16-1 Rectangular Beam Design

where,

£emax = 0.003 (ACI 21.2.2, Fig R21.2)

&min = 0.005 (ACI 21.2.2, Fig R21.2.26)
The maximum allowable depth of the rectangular compression block, amax, is
given by:

@max =1Cmax (ACl122.2.24.1)
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where £ is calculated as:

065<4 <085 (ACI22.2.24.3)

B = o.%-o.os[wj,

1000

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

MLI

" eefa-)

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

= |If a > 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=085f"ba,, (ACI 22.2.2.4.1)

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

a
M  =dC| d = Zmax
“°¢( ZJ

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

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

M

' us

= , Where

T g(f,-085f")(d—d")

m

c_ —d'
f'=E.¢ {L} < fy (ACI19.2.1.2,9.5.2.1,20.2.2,22.2.1.2)
C ax
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— The required tension reinforcement for balancing the compression in the
concrete is:

A, = M }

a‘max
o

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

M

ARIACER

Therefore, the total tension reinforcement is As = As1 + Asp, and the total
compression reinforcement is A's. A 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.

16.5.1.2.2 Design of Flanged Beams

In designing a flanged beam, a simplified stress block, as shown in Figure 16-
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 ig-
nored. In that case, a simplified stress block similar to that shown in Figure 16-
1 is assumed on the compression side.
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& =0.003 ' 085f!
b, | h, 0.85f; c
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Figure 16-2 T-Beam Design

16.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

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

a:d_\/dz_ossf% (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 &min,
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 . =—cemx g (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:

Anax = BiCrax (ACI22.2.2.4.11)

where £ is calculated as:

0.65< <085 (ACI22.2.2.4.3)

B = 0.85—0.05(ﬂj,

1000

= |f a < hy, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in this case, the width
of the beam is taken as bs. Compression reinforcement is required if a > amax.

= |f a > hy, the calculation for A has two parts. The first part is for balancing
the compressive force from the flange, Ct, and the second part is for balanc-
ing the compressive force from the web, Cy, as shown in Figure 16-2. Cs is
given by:

C, =085f" (b, —b, )min(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
y
given by:
min(h,,a,,, )

f?* ¥max

Muf :¢Cf d- 2

Again, the value for ¢ is 0.90 by default. Therefore, the balance of the mo-
ment, 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'_¢bh,

v |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
ot(e-3)
As=Ag + A

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

» 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 (AC122.2.2.4.1)

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:
Mus = Muw - MUC
Therefore, the compression reinforcement is computed as:

M
us , Where

(fi—0.85f;)(d—d")¢

A =

Beam Design 16 - 13
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!

Crax —d

fl = Esgcma{ }s f, (ACI9.21.2,0.521,20.22, 222.12)

max

The tension reinforcement for balancing compression in the web concrete

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

The total tension reinforcement is As = Aq + Asz + Agz, and the total com-
pression reinforcement is A's. A is to be placed at the bottom and A's is to
be placed at the top.

16.5.1.2.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the minimum of the two following limits:

3y f
A, in = Max “b,d, 200 b,d (ACI19.6.1.2)
Y fy fy
4

As 2 § As(required) (AC| 9613)
For T-beam in negative moment by, in the above expression is substituted by

bw’, where:
b, =min{b; ,2b, | (ACI19.6.1.2)
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16.5.2

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

A< {0.4bd Rectangular beam
0.4b,d Flanged beam

, <{0.4bd Rectangular beam

*710.4b,d Flanged beam

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular load combination, at a particular station due to the
beam major shear, the following steps are involved:

= Determine the factored shear force, V..
= Determine the shear force, 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 Factored Shear Force

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

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

V, =24, f'.b,d (ACI 22.5.5.1)
A limit is imposed on the value of |/ f'_ as f ',< 100 (ACl1 22.5.3.1)
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The value of A should be specified in the material property definition.

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

Vo, =V, +(8\/ﬁ )bwd (ACI 22.5.1.2)

Given Vy, V¢, and Vimax, the required shear reinforcement is calculated as fol-
lows where, ¢, the strength reduction factor, is 0.75 (ACI 9.3.2.3). The flexural
reinforcement strength, fy, is limited to 60 ksi (ACI 11.5.2) even if the material
property is defined with a higher value.

= If V, <0.54V,,

Ay (ACI9.6.3.1)

S

= If 0.5V, <V, <@V,

V, -¢V

A _ W —gV.) (ACI 22.5.1.1, 22.5.10.1, 20.5.10.5.3)
S ¢ f,d

= If Vy > ¢Vmax, a failure condition is declared. (ACI1225.1.2)

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

Note that if torsion design is considered and torsion reinforcement is required,
the equation given in ACI 9.6.3.3 does not need to be satisfied independently.
See the subsequent section Design of Beam Torsion Reinforcement for details.

If the beam depth h is

h <10" for rectangular,

h <min {24", max(2.5hf gj for T-beam,
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16.5.3

the minimum shear reinforcement given by ACI 9.6.3.3 does not need to be en-
forced.

0.75./F
ﬂZmax( =, S?bWJ (ACI9.6.3.3, Table 9.6.3.3)
S

yt yt

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

The beam 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.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, T..
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

16.5.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases with the corresponding load combination fac-
tors (ACI 9.4.4.2).

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
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design T, is permitted to be reduced in accordance with the code
(ACI 22.7.3.3). However, the program does not automatically redistribute the
internal forces and reduce T.. If redistribution is desired, the user should re-
lease the torsional degree of freedom (DOF) in the structural model.

16.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Acp, Ao, Ao, Pep, @nd Ph,
are calculated. These properties are described in the following (ACI 2.2).

A, = Areaenclosed by outside perimeter of concrete cross-section

Ash = Area enclosed by centerline of the outermost closed transverse
torsional reinforcement

A, = Gross area enclosed by shear flow path
pe = Outside perimeter of concrete cross-section

pn = Perimeter of centerline of outermost closed transverse torsional
reinforcement

In calculating the section properties involving reinforcement, such as Ao, Ao,
and p, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 1.75 inches. This is equiva-
lent to a 1.5 inch clear cover and a #4 stirrup. For torsion design of flanged
beam sections, it is assumed that placing torsion reinforcement in the flange ar-
ea is inefficient. With this assumption, the flange is ignored for torsion rein-
forcement calculation. However, the flange is considered during Tcr calcula-
tion. With this assumption, the special properties for a rectangular beam sec-
tion are given as:

Ap = bh (ACI 2.2, R22.7.5)
A = (b-2c)(h-2c) (ACI 2.2, R22.7, Fig R22.7.6.1.1)
Ao = 0.85 Ao (ACI 22.7.6.1.1, Fig R22.7.6.1.1)
P = 2b+2h (ACI 2.2, R22.7.5)
pn = 2(b-2c) +2(h - 2c) (ACI 22.7.6.1.1, Fig R22.7.6.1.1)
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where, the section dimensions b, h, and c are shown in Figure 16-3. Similarly,
the special section properties for a flanged beam section are given as:

Ap = buh + (br— bu)hi (ACI 2.2, R22.7.5)
Ao = (bw—20)(h - 20) (ACI 2.2, R22.7, Fig R22.7.6.1.1)
Ao = 0.85 Ao (ACI 22.7.6.1.1, Fig R22.7.6.1.1)
P = 2bs + 2h (ACI 2.2, R22.7.5)
pn = 2(h—2¢) + 2(bw—2¢) (ACI 2.2, R22.7.5)

where the section dimensions by, bw, h, hr, and ¢ for a flanged beam are shown
in Figure 16-3. Note that the flange width on either side of the beam web is
limited to the smaller of 4h; or (h — hy).

16.5.3.3 Determine Critical Torsion Capacity

The threshold torsion limit, T, and the cracking torsion limits, Ter, for which
the torsion in the section can be ignored is calculated as:

A f
T =AJf" | 2| 1+—2 ACI 22.7.4.1, Table 22.7.4.1a
th c ( pcp 41\/?,0 ( )
T, =42,/ f" izp 1+¢ (ACI 22.7.5.1g, Table 22.7.5.2)
S TN N |

where Ac, and pep are the area and perimeter of the concrete cross-section as
described in detail in the previous section; fy is the concrete compressive stress
at the centroid of the section; ¢ is the strength reduction factor for torsion,
which is equal to 0.75 by default (ACI 21.2.1g, Table 21.2.1c); and f¢ is the
specified concrete compressive strength.

16.5.3.4 Determine Torsion Reinforcement

If the factored torsion Ty is less than the threshold limit, T, torsion can be
safely ignored (ACI 22.7.1.1, 9.6.4.1). In that case, the program reports that no
torsion reinforcement is required. However, if T, exceeds the threshold limit,
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Ter, it is assumed that the torsional resistance is provided by closed stirrups,
longitudinal bars, and compression diagonals (ACI 22.7.1, 22.7.6.1). Note that
the longitudinal reinforcement strength, f,, and the transverse reinforcement
strength, fy;, are limited to 60 ksi (ACI 20.2.2.4a), even if the material property
is defined with a higher value.

If Tu > Ter, the required closed stirrup area per unit spacing, A:/s, is calculated

as:
A = M (ACI122.7.6.1)
s @P2Af,
and the required longitudinal reinforcement is calculated as:
T
A=—uPr (ACI 22.7.6.1)
¢2A, f, tano
where, the minimum value of A:/s is taken as:
i = EbW (AC122.7.6.1)

S f

yt

the minimum value of A, is taken as the least of the following:

A min 2@—(AJ Ph {EJ (AC19.6.4.3a)
y

S fy
5 f, f
A min = a: N Ebw pn| == (ACI 9.6.4.3b)
‘ fy fyS fy

In the preceding expressions, @ is taken as 45 degrees. The code allows any
value between 30 and 60 degrees.
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Figure 16-3 Closed stirrup and section dimensions for torsion design

An upper limit of the combination of V, and T, that can be carried by the sec-
tion is also checked using the equation:

2 2
V“ Tu ph Vc p
\/(bwd ] ’ [1.7A§h j <9 (b d +8\/f—CJ (ACI 22.7.7.1a)

w

For rectangular sections, by, is replaced with b. If the combination of V, and T,
exceeds this limit, a failure message is declared. In that case, the concrete sec-
tion should be increased in size.

When torsional reinforcement is required (Ty > Ter), the area of transverse
closed stirrups and the area of regular shear stirrups must satisfy the following
limit.

ff
[ﬁ+2ﬁ]zmax 075N % p SOp (ACI 9.6.4.2)
S S fis f,
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16.6

16.6.1

If this equation is not satisfied with the originally calculated A, /s and A:/s, Ay /s
is increased to satisfy this condition. In that case, A, /s does not need to satisfy
the ACI Section 9.6.6.3 independently.

The maximum of all of the calculated A; and A: /s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements considered by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal reinforcement requirements to satisfy spacing considerations must
be investigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis, and a flexural de-
sign is carried out based on the ultimate strength design method (ACI 318-14)
for reinforced concrete as described in the following sections. To learn more
about the design strips, refer to the section entitled "Design Strips" in the Key
Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the de-
sign of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. Those moments will always be in static equilibrium with
the applied loads, irrespective of the refinement of the finite element mesh.

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

= Determine factored 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.

16.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

16.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. This is the method used when
drop panels are included. Where openings occur, the slab width is adjusted ac-
cordingly.

16.6.1.3 Minimum and Maximum Slab Reinforcement

The minimum flexural tension reinforcement required for each direction of a
slab is given by the following limits (AC1 7.6.1.1, 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 for 1, > 60 ksi(ACI Table 7.6.1.1, Table 8.6.1.1)

y
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16.6.2

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.

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 sections.

16.6.2.1 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 concentrat-
ed 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 16-4 shows
the auto punching perimeters considered by SAFE 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
/TN 1
,/’ >~ d/2 d/2 //\ \\

—mT TS
- ~
A
\\/
i ’
~,—_—
—_—————
s
B T —

Circular Column T-Shape Column L-Shape Column

Figure 16-4 Punching Shear Perimeters
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16.6.2.2 Transfer of Unbalanced Moment

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

7. (ACI 8.4.2.3)

1
1+(2/3)/b, /b,
w=1l-n (AC18.4.4.2.2)

For reinforced concrete slabs, y: 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
Location Direction
Corner Either <0.5¢ve | >0.004 1.0
column direction
Perpendicular | <0.75¢vc | >0.004 1.0
to the edge
Edge
column | Parallelto | <0.4¢vc | >0.010 y = 1.25 <10
f - —_ 0
the edge 1+(2/3) /bl/bZ
Interior Either <0.4¢v. | >0.010 y = 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 per-
pendicular to the span.

16.6.2.3 Determine Concrete Capacity

The concrete punching shear stress capacity is taken as the minimum of the fol-
lowing three limits:
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v, =min [2+ o jz fr (ACI 22.6.5.2)

where, S is the ratio of the maximum to the minimum dimensions of the criti-
cal 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, =130 for edge columns, and (ACI 22.6.65.3)

S

20  for corner columns.
A limit is imposed on the value of |/ f'_ as:

Jf' <100 (ACI 22.5.3.1)

16.6.2.4 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 + yVZ[Muz _Vu (Y3 B Y1)][|33(Y4 B Y3) - |23(X4 — Xs)] _

V. =
Y bod Ly ls = 1s” Eq. 1
7/V3[Mu3 _Vu (Xa - X1)] [|22(X4 - Xa) - |23(Y4 - ys)]
|22|33 - |232
I, = z 1,,, where "sides" refers to the sides of the critical section
sides =1
for punching shear Eq. 2
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n
Iy = Z l,;, where "sides" refers to the sides of the critical section
sides =1

for punching shear Eq. 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,,,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 16-5.

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

to the 2-axis Eq. 5a
—  Ld® d® 5 . . .
l,, = TS + o +Ld(y, —y;)°, forthe side of the critical section
parallel to the 3-axis Eqg. 5b
— Ld® dU

=——+—+ Ld(x, — x5)*, for the side of the critical section

parallel to the 2-axis Eq. 6a

155 =Ld(x, — x,)?, for the side of the critical section parallel
to the 3-axis Eqg. 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

er ] L Coordinates are (X,,y,).
critical section for | 3
punching shear. I
Coordinates are (X3,Y;): s = wf\——
y2 - 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 (X5,Ys). -—,\/section being considered.
IL—| 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 16-5 Shear Stress Calculations at Critical Sections

ls = Ld (X, — X3)(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

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

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

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

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

vy = Punching shear stress
Vu = Shear at the center of the column (positive upward)
X1, y1= Coordinates of the column centroid

X2, 2= Coordinates of the center of one side of the critical section for punch-
ing shear

Xs, y3= Coordinates of the centroid of the critical section for punching shear
X, Ya= Coordinates of the location where stress is being calculated
w2 = Percent of My resisted by shear

ws = Percent of Mys resisted by shear

16.6.2.5 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 SAFE. If this ratio exceeds 1.0, punch-
ing shear reinforcement is designed as described in the following section.
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16.6.3 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
described in the subsections that follow.

16.6.3.1 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, <31,/ f ", forshear studs (ACI 22.6.6.1)

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

Vinax = 64/ T bod for shear links (ACI 22.6.6.2)
Vimax = 84/ T bod for shear studs (ACI 22.6.6.2)

Given Vy, V¢, and Vimax, the required shear reinforcement is calculated as fol-
lows, where, ¢, the strength reduction factor, is 0.75 (ACI1 9.3.2.3).

VvV —
ﬂ = M (ACl 225.1.1,22.5.10.1, 20.5.10.5.3)

S gf.d

16 - 30 Slab Design



Chapter 16 - Design for ACI 318-14

2./f'b
in for shear studs

S f

y

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

= |f V, exceeds the maximum permitted value of ¢#Vmax, the concrete section
should be increased in size.

16.6.3.3 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 16-6 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
_—:l. - 42 - L / edge
/ j. _'ﬁ\\ ‘a d/2 l, |
[If T 1 ) Y I
i kXN !
I : i =1 — X <o —a X gx I
! = 1 Critical ) 4/2
i section
., 4 centroid  Free /| A\
- Tt edge wZa X )
Free edge S |x\>/ Cnltical section
—v"— —'\,— centroid
le———I
Interior Column Edge Column Corner Column

Figure 16-6 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 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
between 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 (ACI1 8.7.6.3, Table 8.7.6.3).
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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 col-
umns respectively.

16.6.3.4 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 adja-
cent stud rails shall not exceed 60 degrees. The limits of s, and the spacing, s,
between the peripheral lines are specified as:

S0 < 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.

g < 2d (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 17
Design for CSA A23.3-14

17.1

Notations

This chapter describes in detail the various aspects of the concrete design pro-
cedure that is used by SAFE 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 pre-
fix “CSA” followed by the section number is used.

The design is based on user-specified load 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 17-1 List of Symbols Used in the CSA A23.3-14 Code

Ac Area enclosed by outside perimeter of concrete cross-section, sq-
mm
Act Area of concrete on flexural tension side, sg-mm

17-1
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Table 17-1 List of Symbols Used in the CSA A23.3-14 Code

A
Ao
th

As
A's
As(required)

At/S

Ay
Avls

ap
by
bw

bo
bs

b,

Cob

dv

hs
Ec

17 -2 Notations

Area of longitudinal reinforcement for torsion, sq-mm
Gross area enclosed by shear flow path, sq-mm

Area enclosed by centerline of outermost closed transverse tor-
sional reinforcement, sq-mm

Area of tension reinforcement, sq-mm
Area of compression reinforcement, sg-mm
Area 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, sq-mm

Avrea 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 17-1 List of Symbols Used in the CSA A23.3-14 Code

Es
f'e
f's

Sz

Ts

Ve

V' max
Vi

Vs

a

y7i
be

&

&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 length of the beam,
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
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17.2

Table 17-1 List of Symbols Used in the CSA A23.3-14 Code

&

X >SS

A

Longitudinal strain at mid-depth of the section

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

Design Load Combinations

1.4D

1.25D + 1.5L

1.25D + 1.5L + 1.0S
1.25D + 1.5L + 0.4W
09D + 1.5L

09D+ 1.5L +1.0S
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

17 -4  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
earthquake (E) loads, and considering that wind and earthquake forces are re-
versible, the following load combinations may need to be considered (CSA
8.3.2, Table C.1a)

(CSA 8.3.2, Table C.1a Case 1)

(CSA 8.3.2, Table C.1a Case 2)

(CSA 13.8.4.3)

(CSA 8.3.2, Table C.1a Case 3)
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17.3

17.4

0.9D + 1.5S £ 0.4W

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 SAFE 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 (CSA8.5.1)

SAFE enforces the upper material strength limits for flexure and shear design
of beams and slabs or for torsion design of beams. The input material strengths
are taken as the upper limits if they are defined in the material properties as be-
ing greater than the limits. The user is responsible for ensuring that the mini-
mum strength is satisfied.

Strength Reduction Factors

The strength reduction factors, ¢, are material dependent and defined as:

Limits on Material Strength 17 -5
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¢ = 0.65 for concrete (CSA84.2)
¢ = 0.85 for reinforcement (CSA 8.4.3a)

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

17.5 Beam Design

In the design of concrete beams, SAFE calculates and reports the required areas
of reinforcement for flexure, shear, and torsion based on the beam moments,
shear forces, torsion, load combination factors, and other criteria described in
the subsections that follow. The reinforcement requirements are calculated at
each station along the length of the beam.

Beams are designed for major direction flexure, shear, and torsion only. Effects
resulting from any axial forces and minor direction bending that may exist in
the beams must be investigated independently by the user.

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

= Design torsion reinforcement

17.5.1 Design Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at each station
along the beam. In designing the flexural reinforcement for the major moment
of a particular beam, for a particular station, the following steps are involved:

= Determine factored moments

= Determine required flexural reinforcement
17.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored mo-
ments for each load combination at a particular beam station are obtained by
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factoring the corresponding moments for different load cases with the corre-
sponding load factors.

The beam is then designed for the maximum positive and maximum negative
factored moments obtained from all of the load combinations. Positive beam
moments produce bottom reinforcement. In such cases the beam may be de-
signed as a rectangular or flanged beam. Negative beam moments produce top
reinforcement. In such cases, the beam may be designed as a rectangular or in-
verted flanged beam.

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 compression re-
inforcement 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 17-1 (CSA 10.1.7). Furthermore, it is assumed that the compression
carried by the concrete is less than or equal to that which can be carried at the
balanced condition (CSA 10.1.4). When the applied moment exceeds the mo-
ment capacity at the balanced condition, the area of compression reinforcement
is calculated assuming that the additional moment will be carried by compres-
sion and additional tension reinforcement.

The design procedure used by SAFE, for both rectangular and flanged sections
(L- and T-beams), is summarized in the text that follows. For reinforced con-
crete design where design ultimate axial compression load does not exceed (0.1
f'c Ag), axial force is ignored; hence, all beams are designed for major direction
flexure, shear, and torsion only. Axial compression greater than 0.1f'c Ag and
axial tensions are always included in flexural and shear design.

17.5.1.2.1Design of Rectangular Beams

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 17-1), where,

Beam Design  17-7
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£=0.0035 a,fl4,

s
o —»
(]
A
0O
—

a=pfc

d
o ® L » >
4 T T
j .<—+ & s cs
A
BEAM STRAIN STRESS
SECTION DIAGRAM DIAGRAM

Figure 17-1 Rectangular Beam 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:

o = 0.85 — 0.0015f; > 0.67, (CSA 10.1.7)

B1=0.97 — 0.0025f", > 0.67, (CSA 10.1.7)

=~ (CSA 10.5.2)
700 +f,

The balanced depth of the compression block is given by:

ap = [iCh (CSA 10.1.7)
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If a<ap (CSA 10.5.2), the area of tension reinforcement is given by:

M

As P
a
¢s fy(d _2}

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

If a > ap (CSA 10.5.2), compression reinforcement is required and is calcu-
lated 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:

el
2

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

Mt = Mt — Mxc
The required compression reinforcement is given by:

M
Al = s . where

T (- denfi)(d-d)

f! =0.0035 Es {C —d } <1, (CSA 10.1.2,10.1.3)
C

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

Ay =
ab
o h

and the tension reinforcement for balancing the compression reinforcement is
given by:
M fs
4
fy (d —d )¢5
Therefore, the total tension reinforcement, As = Aq + 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, =

17.5.1.2.2Design of Flanged Beams

17.5.1.2.2.1 Flanged Beam 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 de-
scribed previously, i.e., no flanged beam data is used.

17.5.1.2.2.2 Flanged Beam Under Positive Moment
= If M; > 0, the depth of the compression block is given by:

acd— [q2——2Mi (CSA 10.1)
) o figby '

where, the value of ¢ is 0.65 (CSA 8.4.2) in the preceding and the following
equations. The parameters eoa, f1, and ¢y, are calculated as:

a1 =0.85-0.0015 f'c. >0.67, (CSA 10.1.7)
B1=0.97 - 0.0025 f'. > 0.67, (CSA 10.1.7)
7
- %0, (CSA 10.5.2)
700 + fy
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Figure 17-2 Design of a T-Beam Section
The balanced depth of the compression block is given by:
ap= piCp (CSA 10.1.4,10.1.7)

= If a < hg, the subsequent calculations for As are exactly the same as previous-
ly defined for the rectangular beam design. However, in this case the width
of the beam is taken as bs. Compression reinforcement is required when a >
ap.

= If a > hs, calculation for As has two parts. The first part is for balancing the
compressive force from the flange, Ct, and the second part is for balancing
the compressive force from the web, Cy as shown in Figure 17-2. Cs is given

by:
Ci = fi(by —by, )min(hg,a,) (CSA 10.1.7)

Cf¢c

yrs

Therefore, A, =

and the portion of M that is resisted by the flange is

given by:
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M, :Cf(d‘w)@

Therefore, the balance of the moment, Mt to be carried by the web is:
Mfw = Mf - Mff

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

=d —\/dz __ M
a, = _ (CSA 10.1)
6Ylflc ¢cbw

= If a; <ap (CSA 10.5.2), the area of tension reinforcement is then given by:

As = Ag + As
This reinforcement is to be placed at the bottom of the flanged beam.

= If a; > ap (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=¢,o,f'.b,a, (CSA 10.1.7)

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

)
2

and the moment resisted by compression and tension reinforcement is:

Mss = Maw — Mg
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Therefore, the compression reinforcement is computed as:

Mfs
A = —, where
(¢sf lc_¢calf 'c)(d -d )
, c—d’
f!= &F, [ }g f, (CSA 10.1.2, 10.1.3)
C

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

Mfc

Ap=———
8
o 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.

17.5.1.3 Minimum and Maximum Reinforcement

The minimum flexural tension reinforcement required in a beam section is giv-
en by the minimum of the following two limits:

0.2,/ f!
As> f—ﬁ bwh (CSA10.5.1.2)
y
4
As > § As(required) (CSA 10.5.1.3)

In addition, the minimum flexural tension reinforcement provided in a flanged
beam with the flange under tension in an ordinary moment resisting frame is
given by the limit:
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17.5.2

As > 0.004 (b — by) hs (CSA 10.5.3.1)

An upper limit of 0.04 times the gross web area on both the tension reinforce-
ment and the compression reinforcement is imposed upon request as follows:

- {0.04bd Rectangular beam
0.04b,d  Flanged beam
0.04bd Rectangular beam

{0.04de Flanged beam

Al <

s =

Design Beam Shear Reinforcement

The shear reinforcement is designed for each load combination at each station
along the length of the beam. In designing the shear reinforcement for a partic-
ular beam, for a particular loading combination, at a particular station due to
the beam 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.
= Deter*mine the shear reinforcement required to carry the balance.

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

17.5.2.1 Determine Factored Shear Force

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

17.5.2.2 Determine Concrete Shear Capacity

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

V, =g, A8./f.b,d, (CSA 11.3.4)
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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 ag-
gregate, 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.

B 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 normally 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 rectangular beams, it is the width of the
beam. For flanged beams, it is the width of the web of the beam.
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 gen-
eral method is used (CSA 11.3.6.4).

If the overall beam depth, h, is less than 250 mm or if the depth of a flanged
beam below the slab is not greater than one-half of the width of the web or 350
mm, S is taken as 0.21 (CSA 11.3.6.2).
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When the specified yield strength of the longitudinal reinforcing f, 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, S
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

F=1000+d,

(CSA 11.3.6.3(h))

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

F=1000+s,

(CSA11.3.6.3¢)

35s,
15+a,

where, S,, = >0.85s, (CSA 11.3.6.3.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
longitudinal reinforcement. However, Sz is conservatively taken as equal to dv.

In summary, for simplified cases, £ can be expressed as follows:
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0.18, if minimum transverse reinforcement is provided,
p= ﬂ 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, S is determined in accordance with the general
method as follows (CSA 11.3.6.1, 11.3.6.4):

p-— 040 1300 (CSA 11.3.6.4)

(1+1500¢,) (1000+S,, )

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 =1 S, >0.85S, otherwise.
15+a

[¢]
(CSA 11.3.6.3, 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 interpo-
lated 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;
E, =

X 2(E,A)

In evaluating & the following conditions apply:

(CSA 11.3.6.4)

= & is positive for tensile action.

Beam Design 17 -17



SAFE Reinforced Concrete Design

= V¢ and M; are taken as positive quantities. (CSA 11.3.6.4(a))
= M is taken as a minimum of V:dy. (CSA 11.3.6.4(a))
= Ns is taken as positive for tension. (CSA 2.3)

As is taken as the total area of longitudinal reinforcement in the beam. It is tak-
en as the envelope of the reinforcement required for all design load combina-
tions. 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 beam, taken
as half of the total area.

_ M, /d, +V; +05N,

g, = (CSA 11.3.6.4(c))
2(E,A +EA,)

E, = 200,000 MPa (CSA8.5.4.1)

E, = 4500,/ f, MPa (CSA 8.6.2.3)

If the axial tension is large enough to induce tensile stress in the section, the
value of & is doubled (CSA 11.3.6.4(g)).

For sections closer than dy, from the face of the support, & is calculated based
on Mt and V; at a section at a distance d, from the face of the support (CSA
11.3.6.4(d)). This condition currently is not checked by SAFE.

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 provided. 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
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program performs the second pass assuming that at least minimum shear rein-
forcement is provided.

17.5.2.3 Determine Required Shear Reinforcement

The shear force is limited toV. where:

r,max

Vi mx =0.25¢,f' b, d (CSA11.3.3)
Given Vi, Ve, and Vrmax, the required shear reinforcement is calculated as fol-
lows:
= If V, <V,

i= 0 (CSA11.35.1)

S

“If V<V, <V

r,max !

V: -V, |Jtan@
A z(f¢f—°21 (CSA 11.3.3,11.35.1)
S s 'yt¥v

= If V>V, a failure condition is declared. (CSA11.3.3)

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 V; exceeds
Ve

(b) inregions of beams with an overall depth greater than 750 mm

(c) inregions of beams where the factored torsion Tr exceeds 0.25T.

Where the minimum shear reinforcement is required by CSA 11.2.8.1, or by
calculation, the minimum area of shear reinforcement per unit spacing is taken
as:
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ﬂz 0.06Eb

(CSA11.2.8.2)
S f

w

yt

In the preceding equations, the term @is used, where @ is the angle of inclina-
tion 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 pref-
erably taken as the special value (CSA 11.3.6.2), or it is determined using the
simplified method (CSA 11.3.6.3), whenever applicable. The program uses the
general method when conditions for the simplified method are not satisfied
(CSA 11.3.6.4).

= If the overall beam depth, h, is less than 250 mm or if the depth of the
flanged beam 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 f, does not ex-
ceed 400 MPa, or the specified concrete strength f'c does not exceed 60 MPa,
6 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, 6
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
combination is reported along with the controlling shear force and associated
load combination.

The beam shear reinforcement requirements considered by the program are
based purely on shear strength considerations. Any minimum stirrup require-
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17.5.3

ments to satisfy spacing and volumetric considerations must be investigated in-
dependently of the program by the user.

Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at each
station along the length of the beam. The following steps are involved in de-
signing the longitudinal and shear reinforcement for a particular station due to
the beam torsion:

= Determine the factored torsion, Tr.
= Determine special section properties.
= Determine critical torsion capacity.

= Determine the torsion reinforcement required.

17.5.3.1 Determine Factored Torsion

In the design of beam torsion reinforcement, the torsions for each load combi-
nation at a particular beam station are obtained by factoring the corresponding
torsions for different load cases, with the corresponding load combination fac-
tors.

In a statically indeterminate structure where redistribution of the torsion in a
member can occur due to redistribution of internal forces upon cracking, the
design Tt is permitted to be reduced in accordance with the code (CSA
11.2.9.2). However, the program does not automatically redistribute the inter-
nal forces and reduce T:. If redistribution is desired, the user should release the
torsional degree of freedom (DOF) in the structural model.

17.5.3.2 Determine Special Section Properties

For torsion design, special section properties, such as Ac, Ao, Ao, Pe, and pn, are
calculated. These properties are described in the following (CSA 2.3).

Ac = Areaenclosed by outside perimeter of concrete cross-section
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Ao = Areaenclosed by centerline of the outermost closed transverse
torsional reinforcement

A, = Gross area enclosed by shear flow path
pc = Outside perimeter of concrete cross-section
pn = Perimeter of centerline of outermost closed transverse torsional

reinforcement

In calculating the section properties involving reinforcement, such as Aon, Ao,
and p, it is assumed that the distance between the centerline of the outermost
closed stirrup and the outermost concrete surface is 50 millimeters. This is
equivalent to 38-mm clear cover and a 12-mm stirrup. For torsion design of
flanged beam sections, it is assumed that placing torsion reinforcement in the
flange area is inefficient. With this assumption, the flange is ignored for torsion
reinforcement calculation. However, the flange is considered during T calcu-
lation. With this assumption, the special properties for a rectangular beam sec-
tion are given as follows:

Ac = bh (CSA 11.2.9.1)
A = (b —2c)(h —2c) (CSA 11.3.10.3)
Ao = 0.85 Ao (CSA 11.3.10.3)
p. = 2b+2h (CSA 11.2.9.1)
pn = 2(b —2c) +2(h —2¢) (CSA 11.3.10.4)

where, the section dimensions b, h, and c are shown in Figure 17-3. Similarly,
the special section properties for a flanged beam section are given as follows:

Ac = buh+ (br— bu)hs (CSA 11.2.9.1)
Ao = (bw—20)(h - 20) (CSA 11.3.10.3)
Ao = 0.85 Ao (CSA 11.3.10.3)
p. = 2bs+ 2h (CSA 11.2.9.1)
ph = 2(h—2¢) + 2(bw— 2¢) (CSA 11.3.10.4)
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where the section dimensions by, bw, h, hy, and ¢ for a flanged beam are shown
in Figure 17-3. Note that the flange width on either side of the beam web is
limited to the smaller of 6hs or 1/12 the span length (CSA 10.3.4).

17.5.3.3 Determine Critical Torsion Capacity

The critical torsion capacity, Tcr, for which the torsion in the section can be ig-
nored, is calculated as:

0.3814,+/F ', (fj

cr 4

where A, and pc are the area and perimeter of the concrete cross-section as de-
scribed in the previous section, A is a factor to account for low-density con-
crete, ¢ is the strength reduction factor for concrete, which is equal to 0.65,
and f'¢ is the specified concrete compressive strength.

T

(CSA 11.2.9.1)

17.5.3.4 Determine Torsion Reinforcement

If the factored torsion T is less than the threshold limit, T, torsion can be safe-
ly ignored (CSA 11.2.9.1). In that case, the program reports that no torsion re-
inforcement is required. However, if Tr exceeds the threshold limit, Te, it is as-
sumed that the torsional resistance is provided by closed stirrups and longitudi-
nal bars (CSA 11.3).

= If T+ > T, the required closed stirrup area per unit spacing, A:/s, is calculat-
ed as:

A T tané
—= (CSA 11.3.10.3)

S _¢52A\)fyt

and the required longitudinal reinforcement is calculated as:

M 0.45p,T, \’
05N, + (v, —05v, P 4| - Pl ) cote
d 2A,

v

¢s fy
(CSA 11.3.10.6, 11.3.9)
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Figure 17-3 Closed stirrup and section dimensions for torsion design

In the preceding expressions, € is computed as previously described for
shear, except that if the general method is being used, the value &, calculated
as specified in CSA 11.3.6.4, is replaced by:

M 0.9p,T, Y
R A hadu Ll +0.5N,
d, 2A,

&, = (CSA 11.3.10.5)
2(E,A)

An upper limit of the combination of V, and T, that can be carried by the sec-
tion also is checked using the equation:

Vo ¥ (Top Y .
+| | <0.254, T, (CSA 11.3.10.4(b))
bd, ) \17A2

For rectangular sections, by is replaced with b. If the combination of Vi and T;
exceeds this limit, a failure message is declared. In that case, the concrete
section should be increased in size.
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17.6

17.6.1

When torsional reinforcement is required (Tr > T.), the area of transverse
closed stirrups and the area of regular shear stirrups must satisfy the following
limit.

b

(i+2ﬁj20.061/f'C = (CSA11.2.8.2)
S S fo

If this equation is not satisfied with the originally calculated A,/s and A:/s, Av/s

is increased to satisfy this condition.

The maximum of all of the calculated A, and A:/s values obtained from each
load combination is reported along with the controlling combination.

The beam torsion reinforcement requirements reported by the program are
based purely on strength considerations. Any minimum stirrup requirements or
longitudinal rebar requirements to satisfy spacing considerations must be in-
vestigated independently of the program by the user.

Slab Design

Similar to conventional design, the SAFE slab design procedure involves de-
fining sets of strips in two mutually perpendicular directions. The locations of
the strips are usually governed by the locations of the slab supports. The mo-
ments for a particular strip are recovered from the analysis and a flexural de-
sign is performed based on the ultimate strength design method (CSA A23.3-
14) for reinforced concrete as described in the following sections. To learn
more about the design strips, refer to the section entitled "Design Strips™ in the
Key Features and Terminology manual.

Design for Flexure

SAFE designs the slab on a strip-by-strip basis. The moments used for the
design of the slab elements are the nodal reactive moments, which are obtained
by multiplying the slab element stiffness matrices by the element nodal dis-
placement vectors. These moments will always be in static equilibrium with the
applied loads, irrespective of the refinement of the finite element mesh.
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The design of the slab reinforcement for a particular strip is carried out at spe-
cific locations along the length of the strip. These locations correspond to the
element boundaries. Controlling reinforcement is computed on either side of
these element boundaries. The slab flexural design procedure for each load
combination involves the following:

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

These two steps are described in the subsections that follow and 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.

17.6.1.1 Determine Factored Moments for the Strip

For each element within the design strip, for each load combination, the pro-
gram calculates the nodal reactive moments. The nodal moments are then add-
ed to get the strip moments.

17.6.1.2 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, is identical to the design of rectangular beam sections described earli-
er (or to the flanged beam if the slab is ribbed). In some cases, at a given de-
sign section in a design strip, there may be two or more slab properties across
the width of the design strip. In that case, the program automatically designs
the tributary width associated with each of the slab properties separately using
its tributary bending moment. The reinforcement obtained for each of the tribu-
tary widths is summed to obtain the total reinforcement for the full width of the
design strip at the considered design section. Where openings occur, the slab
width is adjusted accordingly.

17.6.1.3 Minimum and Maximum Slab Reinforcement

The minimum flexural tensile reinforcement required for each direction of a
slab is given by the following limit (CSA 13.10.1):
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17.6.2

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.

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.

17.6.2.1 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).
Figure 17-4 shows the auto punching perimeters considered by SAFE for the
various column shapes. The column location (i.e., interior, edge, corner) and
the punching perimeter may be overwritten using the Punching Check Over-
writes.

Circular Column T-Shape Column L-Shape Column

Figure 17-4 Punching Shear Perimeters
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17.6.2.2 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

= ! and (CSA 13.10.2)

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

L 1
1+(2/3)\/o, /b,

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 per-
pendicular to the span.

W= (CSA 13.3.5.3)

17.6.2.3 Determination of Concrete Capacity

The concrete punching shear factored strength is taken as the minimum of the
following three limits:

2
1+ 2 0.194JT
¢(+ﬂj

c

v, =min{ g, (0.19+ "l‘;d j/l fr (CSA 13.3.4.1)

0

$.0.384/1/

where, S is the ratio of the minimum to the maximum dimensions of the criti-
cal section, bo 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, =43, for edge colums, and (CSA 13.3.4.1(b))

S

2, for corner columns.
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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).

17.6.2.4 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.

Vv N YvAM g, =V (Ys = YOI Tla(Ys = Ya) = 1 (Xy = X3)] 3

Vv, = 5
bod oolas = g Eq. 1
7/V3[M £3 _Vf (Xs - X1)][|22(X4 - X3) - Izs(Y4 - Y3)]
|22|33 - |232
I, = Z 1,,,, where “sides" refers to the sides of the critical
sides=1
section for punching shear Eq. 2
n —_—
;= 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., I, and 1,, are different depending on whether

the side of the critical section for punching shear being considered is par-
allel to the 2-axis or parallel to the 3-axis. Refer to Figures 5-5.
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Side of critical section
Critical section for X, - X being considered
punching shear i shown solid
shown by heavy line

Centroid of entire L Coordinates are (XZ’yZ)'
critical section for | 3
punching shear. I
Coordinates are (X3,Y;): s = wf\——
y2 - 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 (X5,Ys). -—,\/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 17-5 Shear Stress Calculations at Critical Sections

1,, = Ld(y, — y,)?, for side of critical section parallel to 2-axis

- Ld® dl’ : " :
2=y +E +Ld(y, — y,)?, forside of critical section

parallel to 3-axis

3 3
I, = Ld + a + Ld(x, — X;)?, for side of critical section
12 12

parallel to 2-axis

I, = Ld(x, — X,)?, for side of critical section parallel to 3-axis
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1, = 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

ls3 = 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 punch-
ing shear

X3, Y3 = 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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17.6.3

we = Percent of M, resisted by shear

ws = Percent of M resisted by shear

17.6.2.5 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 SAFE. 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 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 earli-
er sections remain unchanged. The design of punching shear reinforcement is
performed as explained in the subsections that follow.

17.6.3.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a section with punching shear
reinforcement is taken as:

v, =0.284¢,/ f'. for shear studs (CSA 13.3.8.3)
v, =0.194¢,,/f ', for shear stirrups (CSA 13.3.9.3)

17.6.3.2 Determine Required Shear Reinforcement

The shear force is limited to a maximum of v where

r,max’?

17 -32 Slab Design



Chapter 17 - Design for CSA A23.3-14

Typical Studrail
(only first and last
studs shown) —L

V, max = 0.7544¢,/ T ', for shear studs (CSA 13.3.8.2)
V, max = 0.5544¢,/ T, for shear stirrups (CSA 13.3.9.2)

Given v, V¢, and Vs max, the required shear reinforcement is calculated as fol-
lows, where, ¢, is the strength reduction factor.

= |fve> Vr max,

Ve =V
A Mbo (CSA 13.3.8.5,13.3.9.4)

S ¢, 1,

= If vi > Vr.max, a 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.

17.6.3.3 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 17-6 shows a typical arrangement
of shear reinforcement in the vicinity of a rectangular interior, edge, and corner
column.

7

Outermost

of studs

-y d/2

peripheral line

—N

Outermost

peripheral line

of studs

|
' |
- =
I *- Fe— X O O. :
1 i ol —
! it |
= | Critical 3y d/2
N i section [ A
MUY centroid ~ Free /1 4___‘_/ \\x
i edge Yy’
y Free edge /| |x\>/ Cltical section
N —'\,— centroid
—1

Interior Column

Edge Column

Corner Column
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Figure 17-6 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

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 col-
umns respectively.

17.6.3.4 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 diam-
eter 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)

0.75d v; <0.561¢../f"
< ! et (CSA 13.3.8.6)

0.50d v, >0.561¢.+/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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