Chapter Three

Two-way Slab Systems
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Introduction: Two-way Slab Systems | B¥Z

In many cases, rectangular slabs are of such proportions and are supported in such a way
that two-way action results. When loaded, such slabs bend into a dished surface rather

than a cylindrical one.

24 7

Predominately one-
way action resulting
in a half-cylindrical
shaped deformation.

Addis Ababa institute of Technology

Two-way action

This means that at any point the slab is curved in both
principal directions, and since bending moments are
proportional to curvatures, moments also exist in both
directions. How can we determine

these orthogonal bending

moments? And how do we :
design for them? April 23, 2020



Analysis and Design of Two-way

Slab systems

S AT ADJACENT PANELS




Simply Supported Slabs

: r slabs is considered to be simply supported, if it simply resting on the
lying supporting element (wall or beam) across its four edges. There is no reinforcement
yetween the slab and the supporting element.

A simply supported slab
resting on a wall support =

» Free to up lift

\ .
uuuuu
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Simply Supported Slabs

When simply-supported slabs do not have
adequate provision to resist torsion at the corners,
and to prevent the corners from lifting, the
maximum moments per unit width are given by the
following equations:

Where:
Moment coefficients given in table.
n Total design ultimate load per unit area

Wl L ength of shorter side

Maximum design ultimate moments either over supports or at mid-span
on strips of unit width and span |,

Maximum design ultimate moments either over supports or at mid-span
on strips of unit width and span |,

Addis Ababa institute of Technology April 23, 2020



Simply Supported Slabs 11

The values in the table are derived from the following equations:

Addis Ababa institute of Technology April 23, 2020



Rectangular Panels with Restrained
Edges 12

In slabs where the corners are prevented from lifting, and provision for torsion is
made, the maximum design moments per unit width are given by the following

equations:

Maximum design ultimate moments either over supports or at mid-span

on strips of unit width and span |,

Maximum design ultimate moments either over supports or at mid-span
on strips of unit width and span |

Moment coefficients

Addis Ababa institute of Technology April 23, 2020



Type of Panel and
moments
considered

Short span coefficients, [,

Values of |, /I,

1.2

1.3

1.4

1.5

Long span
coefficients,

Ba  for

values

I, /1.

all
of

Interior panels

Negative moment
at continuous edge

.031

0.037

0.042

0.046

0.050

0.053

0.059

0.063

0.032

Positive moment at
mid-span

.024

0.028

0.032

0.035

0.037

0.040

0.044

0.048

0.024

One short edge
discontinuous

Negative moment
at continuous edge

.039

0.044

0.048

0.052

0.055

0.058

0.063

0.067

0.037

Positive moment at
mid-span

.029

0.033

0.036

0.039

0.041

0.043

0.047

0.050

0.028

One long edge
discontinuous

Negative moment
at continuous edge

.039

0.049

0.056

0.063

0.068

0.073

0.082

0.089

0.037

Positive moment at
mid-span

.030

0.036

0.042

0.047

0.051

0.055

0.062

0.067

0.028

Two adjacent
edges
discontinuous

Negative moment
at continuous edge

.047

0.056

0.063

0.069

0.074

0.078

0.087

0.093

0.045

Positive moment at
mid-span

.036

0.042

0.047

0.051

0.055

0.059

0.065

0.070

0.034

Two short edges
discontinuous

Negative moment
at continuous edge

.046

0.050

0.054

0.057

0.060

0.062

0.067

0.070

Positive moment at
mid-span

.034

0.038

0.040

0.043

0.045

0.047

0.050

0.053

0.034

Two long edges
discontinuous

Negative moment
at continuous edge

0.045

Positive moment at
mid-span

.034

0.046

0.056

0.065

0.072

0.078

0.091

0.100

0.034

Three edges
discontinuous
(one long edge
continuous)

Negative moment
at continuous edge

.057

0.065

0.071

0.076

0.081

0.084

0.092

0.098

Positive moment at
mid-span

.043

0.048

0.053

0.057

0.060

0.063

0.069

0.074

0.044

Three edges
discontinuous
(one short edge
continuous)

Negative moment

0.058

AD



Rectangular Panels with Restrained 14
Edges

The above equations and the coefficients in Table 3 2 may be derived from the
following equations:

B, =(24+2N, +1.5N,?) /1000

7=§ 3—\/187:—;{W+W}

V7 =B+ 5) + (B 7,)

Number of discontinuous edges (0 <N <4

B, and g, Hogging moments, per unit width, over the shorter edges divided by nl?
B, and B, Hogging moments, per unit width, over the longer edges divided by nl?
Length of shorter side
Length of longer side

Note: B, and g, take values of 4/343, for continuous edges or zero for discontinuous

edges.

Addis Ababa

B, and B, take values of 4/34_ for continuous edges or zero for discontinuous edges. April 23, 2020



Rectangular Panels with Restrained
Edges

April 23, 2020



Restrained slab with unequal

conditions at adjacent panels 16

In some cases, the bending moments at a common support, obtained by considering
the two adjacent panels in isolation, may differ significantly (say by 10%), because of
the differing edge condition at the far supports or differing span lengths or loading.

Consider panels 1 and 2 in Figure below.

Moments from the two panels is
not the same ?

M,2| Panel 2

In these circumstances, the slab may
be reinforced throughout for the
worst case span and support
moments.

However, this might be uneconomic
Panel 1 ’ in some cases. In such cases, the
following distribution procedure may

be used:
Addis Ababa institute of Technology April 23, 2020




Restrained slab with unequal

conditions at adjacent panels 17

1) Obtain the support moments for panels 1 and 2 from Table. Treating M_; and
M_, as fixed end moments, the moments may be distributed in proportion to the
stiffenesses of span |, in panels 1 and 2. Thus, a revised bending moments

M'; may be obtained for support over B.

1) The span moments in panels 1 and 2 should be recalculated as follows:
M',=(M,+M,)-M", (1)
M',=(M,+M,+M,)-M';—M, (2)

Addis Ababa institute of Technology April 23, 2020



Restrained slab with unequal

conditions at adjacent panels 18

For curtailment of reinforcement, the point of contraflexure may be obtained by
assuming a parabolic distribution of moments in each panel.

Ly
e e

/

/

|

i

f 1
Edge strip |

a) Forspan b) For span,
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Loads on Supporting Beams 19

The design loads on beams supporting solid slabs spanning in two directions at right
angles and supporting uniformly distributed loads may be assessed from the following

equations:

Design end sear on strips of unit width and span |, and considered to

act over the middle three-quarters of the edge.
Design end sear on strips of unit width and span |, and considered to

act over the middle three-quarters of the edge.

Distribution of load on a beam
supporting a two-way spanning
slabs

Addis Ababa institute of Technology NOTE v, = v, when 1= I; v, = v,, when I = I; pril 23, 2020



Type of Panel and B, for values of |, /I
location

x /va
1.0 1.1 1.2 1.3 1.4 1.5 1.75 2.0

Four edges
continuous

Continuous edge 0.33 0.36 0.39 0.41 0.43 0.45 0.48 0.50 0.33

One short edge
discontinuous

Continuous edge 0.36 0.39 0.42 0.44 0.45 0.47 0.50 0.52 0.36

Discontinuous edge - - - - - - - - 0.24

One long edge
discontinuous

Continuous edge 0.36 0.40 0.44 0.47 0.49 0.51 0.55 0.59 0.36

Discontinuous edge 0.24 0.27 0.29 0.31 0.32 0.34 0.36 0.38 -

Two adjacent
edges
discontinuous

Continuous edge 0.40 0.44 0.47 0.50 0.52 0.54 0.57 0.60 0.40

Discontinuous edge 0.26 0.29 0.31 0.33 0.34 0.35 0.38 0.40 0.26

Two short edges
discontinuous

Continuous edge 0.40 0.43 0.45 0.47 0.48 0.49 0.52 0.54

Discontinuous edge - - - - - - - - 0.26

Two long edges
discontinuous

Continuous edge 0.40

Discontinuous edge 0.26 0.30 0.33 0.36 0.38 0.40 0.44 0.47 -

Three edges

discontinuous
(one long edge
discontinuous)

Continuous edge 0.45 0.48 0.51 0.53 0.55 0.57 0.60 0.63

Discontinuous edge 0.30 0.32 0.34 0.35 0.36 0.37 0.39 0.41 0.29

Three edges
discontinuous
(one short edge
discontinuous)

Continuous edge 0.45

Discontinuous edge 0.29 0.33 0.36 0.38 0.40 0.42 0.45 0.48 0.30

Four edges
discontinuous

Discontinuous edge 0.33 0.36 0.39 0.41 0.43 0.45 0.48 0.50 0.33
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Analysis and Design of Flat Slab

Systems




Flat Slab Systems: Introduction 22

A flat slab floor is a reinforced concrete

slab supported directly by the columns

with no intermediate beams. Because of

this it:

» js simple to construct, requiring the
minimum of formwork,

» Minimizes construction depths and

* Provides a clear soffit for routing
services below the slab.

However, the absence of beams means that the slab has to...
» Carry the shear forces, which are concentrated around the column,
* Transmit the moment to the edge and corner columns,

» Suffer greater deflections. How can we quantify these

stresses and deflection in
flat slabs and design for
them?

Addis Ababa institute of Technology April 23, 2020



Flat Slab Systems: Behavior 23

Typical Bending Failure mode

» For a regular layout of columns, failure can occur by the formation of hinge lines along the
lines of maximum hogging/support and sagging/span moments. A complementary set of

yield lines can form in the orthogonal direction.

J!IIIII|II!!!l|IIIII|II|!h
EI |I|II|I||||l!!||||||||||||||

Addis Ababa institute of Technology

One misconception of some
engineers is to consider a reduced
loading when analyzing in a
particular direction. The moments
applied in each orthogonal
direction must each sustain the
total loading to maintain
equilibrium. There is no sharing of
the load by partial resistance in
each orthogonal direction.

April 23, 2020



Flat Slab Systems: Behavior 24

Typical deflected shape

» The deflected shape of an interior panel of a flat slab on a regular grid of columns under
typical in-service conditions is a function of the sum of the deflections in each orthogonal
direction.

» Deflection is one of the governing factor in dimension flat slab systems,
especially when the flat slab system doesn’t incorporate deeper beams.

Addis Ababa institute of Technology April 23, 2020



Flat Slab Systems: Behavior

Moment Contours

s R « The use of finite element
~ /7 .. methods shows that the
: : : j distribution of bending
NP = g s e j moments per unit width is
) / O ‘); / A ‘) : @y T @ characterized by hogging
AR / = L\ / i [ moments that are sharply
AR 805 WY o S Wt AN 2> Columns peaked in the immediate
- : : } : | vicinity of the columns.
N e AP,
QD (= ‘\LG_J’ &) /\r;l'
NI, P 2R |
: ’ """"""" -_ =P Aoy wemn """ 4 Lines of contra-flexure Z
T P R « The magnitude of the
S X > : A Ve hogging moments locally to
= 1 o J . : < ¢
Ei’ ’\D / 1 \D/ | (D/ i ’\{f the column face can be
~~" S\ ™ several times that of the
e g il S e I ) A S T T sagging moments in the
AR iy & mid-span zones.
@b < Jf N
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Flat Slab Systems: Behavior

Flexural Behavior of Flat slabs as the vertical load is increased

Behavior.....

* Moments at the supports and mid-span increase elastically until the 15t crack occur.
» These are likely to appear 15t at the top of the slab close to the column.

 Cracking may increase to some way into the span from the column, and may also
have started to appear at mid-span.

» The cracking increases the non-linear behavior of the slab, although it still behaves
elastically as the load increases between the formations of new cracking

 The reinforcement first starts to yield in the top bars close to the columns and the
junction of the slab still behaves elastically as the load increases between the
formation of new cracks but with reducing tension stiffening.

* Failure will occur once a failure mechanism is reached

Addis Ababa institute of Technology April 23, 2020
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Flat Slab Systems: Behavior

Flexural Behavior of Flat slabs as the vertical load is increased

Maximum number

u? acks _/_,’— -
So how can we analyze

| " Plastic yield of steel
new cra i — 7\4//
NG flat slab systems for

Start of N flexure?
, Elastic between formation of new cracks

(modelled by tension stiffening)

I

cracking

Deflection ————9»
Addis Ababa institute of Technology April 23, 2020




Eurocode 2 does not contain the derived
formulae or specific guidance on determining
moments and shear forces. This has arisen
because it has been European practice to give
principles in the codes and for the detailed
application to be presented in other sources
such as textbooks.
Using Eurocode 2 for the analysis of flat slabs,
the following methods may be used:

» Equivalent frame method

» Finite element analysis

* Yield line analysis

» Grillage analogy
Annex | of the Eurocode gives recommendations for the equivalent frame method on
how to apportion the total bending moment across a bay width into column and middle
strips to comply with section. 9.4.1, which requires the designer to concentrate the

reinforcement over the columns
Addis Ababa institute of Technology April 23, 2020




Flat Slab Systems: According to EC-2

//// i
/////5

vide esigns for ULS but do not
serviceability design.

April 23, 2020



Flat Slab Systems: EC-2

Recommendation Equivalent frame R{0)
method

The slab can be analyzed by the Equivalent method.
This provides an acceptable representation gof

ay= i
en analyzing a l

slsn e cn el d e i eliellh.  frame in one direction,

strips analyzed separately in each direct$§ what % of the load on
the strip would you

Rather than a full height frame, a series & apply?

frames comprising a single floor with columns above
and below is more commonly used , subject to the
most unfavorable arrangement of load. The final
moments can be redistributed.

The width of the frame strips is taken between mid
points of the columns or the edge of the slab as

appropriate. In the slab above, the edge strips and
the interior strips are,

When considering only vertical loads, the stiffness of
the slab strip may be based on the full width. In any
combination of loading that includes lateral loads the
stiffness should be based on the half the width.

Addis Ababa institute of Technology April 23, 2020



Flat Slab Systems: EC-2

Recommendation Equivalent frame 31
method

The moment obtained from the analysis of the
equivalent frame are the total moments on the
slab strip. However, the distribution of moment
across the width of the strip is quite obviously [
not uniform, since the slab is only supported in
the center of the strip.

To ensure that the distribution of reinforcement
corresponds approximately to the distribution of
moments arising from a rigorous analysis of the
slab system, the slab strip is divided into a
column strip and middle strip(half each
side),thus:

Addis Ababa institute of Technology
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Flat Slab Systems: EC-2
Recommendation Equivalent frame 32
method

The designh moments are proportioned between However, the moment M., ... is limited
) su,edge

i bt follow: to 0.17b.d?*f.,; for reasons please read
M l on subject matter.
edge —A—_

suint

e = T The widths of the column and middle
= strips and the distribution of the
reinforcement are chosen to reflect the

behavior of the slab.

Column | Middle
strip strip

Negative moment at column, M., | 60-80% | 40-20% oo L g it [A]-columnstrip

Positive moment at midspan M, | 50-70% | 50-30% BJ- middle strip

Addis Ababa institute of Technology April 23, 2020



//////// // -

// y systems are presented in

ivalent Frame method

ere, the slab is divided into a series of
two-dimensional frames (in each
direction), and the positive and negative
moments are computed via an elastic-
frame analysis. Once the positive and
negative moments are known, they are
////// :/» divided between middle strips and

olumn strips in exactly the same way as

It should be noted that the difference between the two =atnod.

methods is in the analysis of the statcial moment only. April 23, 2020
G
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Direct Design Method
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Flat Slab Systems: According to ACI

Direct Design Method
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Flat Slab Systems: According to ACI

Direct Design Method
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Direct Design Method:

Minimum Thickness of Two-Way Slabs According to ACI Code

For a slab without beams
between interior columns
and having a ratio of
g 0 st shans of 2
o 1o he wminimm
thickness is as given in
Table 13-1 (ACI Table
4 ) Wil s not dess
than 5 in=13cm. in slabs
without drop panels or 4
in=11lcm. 1in slabs with
drop panels having the
dimensions defined 1in

fhd  AcPodtode Seetinns
tHifn@r slabs to be used
7 calculated
deflections satisfy
limits given 1in ACI

Table 9.5(b).
Addis Ababa institute of Technology

TABLE 13-1
Without Drop Panels?®

Exterior Panels
Panels

Yield

Strength,  Without
£ Edge
(psi) Beams

With
Edge
Beams®

40,000 275MmPa (/33

60,000 414MPa (/30
75,000 517MPa (/28

(/36
(/33
(/31

(/36
(/33

(/31

Interior

Exterior Panels

Without
Edge
Beams

£ nlla'r36
{ mﬂ'rﬂ- 3

{ mf'r3 |

38

Minimum Thickness of Slabs without Interior Beams

With Drop Panels®

Interior
Panels

With
Edge
Beams"®
(,/40
(/36

(/34

(/40
(/36

(/34

{15 the length of the clear span in the longer direction, measured face-to-face of the supports.

*The required geometry of a drop panel is defined in ACI Code Section 13.2.5.

bFor yield strengths between the values given, use linear interpolation.

Slabs with beams between qolumns along exterior edges. The value of af for the edge beam

shall not be less than 0.8.

April 23, 2020



Direct Desigh Method: 39

Minimum Thickness of Two-Way Slabs According to ACI Code

For a slab with beams between interior columns ACI Code Section 9.5.3.3 gives the
following minimum thicknesses:

(a) Forag, = 0.2, the minimum thicknesses in Table 13-1 shall apply. Where:

h is the overall thickness

(b) For0.2 < ag, < 2.0, the thickness shall not be less than

‘ l, is span of the slab panel
(n[0.8 + (f,/200,000)] under consideration,

h = ————-—————— butnot less than 5 in. measured in the longer
36 + Splagpy, — 0.2) direction

aq, the average of the values

ra W e j el o - . 7
(¢) For Qfpy - 2.0, the thickness shall not be less than of o the four sides of the

€,[0.8 + (f,/200,000)] i
h = ————— but not less than 3.5 in.
36 + 95 B the longer clear

span/shorter clear span of the
panel

(d) At discontinuous edges, either an edge beam with a stiffness ratio a; not
less than 0.8 shall be provided or the slab thickness shall be increased by at least
10 percent in the edge panel.

Addis Ababa institute of Technology April 23, 2020



Direct Design Method:
> 40

Distribution of Moments within Panels—Slabs without Beams between
All Supports

Division of slab into frames for design
For design, the slab is considered to be a series of frames in the two directions, as shown

Statical Moment, M,

These frames extend to the middle of the panels
on each side of the column lines. In each span of
each of the frames, it is necessary to compute
the total statical moment, M, We thus have

Spandrel beam
3~ in edge frame

T Column strips
ﬁe strip Where,

q, is the factored design load per unit area
l, is transverse width of the strip
l, is clear span between columns

April 23, 2020




Direct Design Method: 41

Positive and Negative Moments in Panels

In the direct-design method, the total factored statical moment is divided into positive and
negative factored moments according to rules given in ACl Code Section 13.6.3

0.35 t0 0.63 M, /m
Ote085M, § |7 ;

——
—

~
TABLE 13-2 Distribution of Total Factored Static Moment, M ,, in an Exterior Span 0.65 10 0.75 My’

Exterior span Interior span
(3) (4) (see Table 13-2)
(2) Slab without Beams (5)
(1 Slab with between Interior Supports Exterior Edge

Exterior Edge Beams between Without With Fully
Unrestrained All Supports Edge Beam Edge Beam Restrained

Interior 0.75 0.70 0.70 0.70
Negative
Factored
Moment

Midspan 63 3 52 35 If the computed negative moments on two sides

Positive

Factored @ liiterior support are different, the

Moment

Exterior 16 26 65 gee o dioment  section of the slab is

o designed for the larger of the two.

Momerﬂi Apl"ll 23, 2020



Direct Design Method: 42

Positive and Negative Moments in Panels

Distribution of Total Factored Static Moment, M, in an Exterior Span.

Condition of The statical moment

restraint at the critical section

(l} — End span [, .
Exterior edge Z A

unrestrained | €8- Supported by a masonry wall

(2)
Slabs with

beams b/n

All Supports

Addis Ababa institute of Technology April 23, 2020



Direct Designh Method: 43

Positive and Negative Moments in Panels

Distribution of Total Factored Static Moment, M, in an Exterior Span.

The sltatical moment at

Condition of restraint

Slabs (3)
without | Without

beams | edge beam

b/n

the critical section

eg. Flat Plate

Interior With edge

support
PP beam

Exterior Edge Fully
eg. Restrained by monolithic

restrained
concrete wall

Addis Ababa institute of Technology April 23, 2020
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Direct Design Method:

Definition of Column & Middle strips



width of half middle strip

equivalen
frame

half middle strip

Addis Ababa institute of Technology
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Direct Design Method:

Distribution of Moments between Column Strips and Middle 46
Strips for interior negative moments

ACI Code Section 13.6.4 defines the fraction of the negative and positive moments
assigned to the column strips. The remaining amount of negative and positive moment
is assigned to the adjacent half-middle strips.

The divigign s a function of, %ly / h which depends on the aspect ratio of the
panel, W and the relative stiffness, [Z1, of the beams (if any) spanning parallel
to and within the column strip.

Table 13-3 gives the percentage distribution of negative factored moment to

the column strip at all interior supports. For floor systems without interior
beams, a;,/://1is taken to be equal to zero, because a,,=0

TABLE 13-3 Percentage Distribution of Interior Negative Factored
Moment to Column Strip

(a1la/6,) = 0

{ﬂ'ﬂ{:f{l.} = 1.0

Addis Ababa institute of Technology April 23, 2020



Direct Design Method:
Distribution of Moments between Column Strips and Middle 47
Strips positive moments

Table 13-4 gives the percentage distribution of positive factored moment to the
column strip at midspan for both interior and exterior spans.

TABLE 13-4 Percentage Distribution of Midspan Positive
Factored Moment to Column Strip

(@pitalfy) =0

I::EE_F--|t“-‘}_.I'rt'l} = 1.0

For floor systems without interior beams, 60 percent of the positive moment is assigned to the
column strip and the remaining 40 percent is divided equally between the adjacent half-

middle strips.

If @ beam is present in the column strip (spanning in the direction of ), either the
percentages in the second row or a linear interpolation between the percentages given in the

first and second rows of Table 13-4 will apply.

Addis Ababa institute of Technology April 23, 2020
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Direct Design Method:

Distribution of Moments between Column Strips and Middle
Strips exterior-end negative moments

uted to the
~on the torsional

¥ 71 o the torsional constant of
| beam. This is roughly equivalent to a
moment of inertia. (see next slide)

nal stiffness April 23, 2020



Direct Design Method:

Distribution of Moments between Column Strips and Middle
Strips exterior-end negative moments

Table 13-5 gives the percentage distribution of negative factored moment to
the column strip at exterior supports.

TABLE 13-5 Percentage Distribution of Exterior Negative Factored
Moment to Column Strip

l:fr_f|f:"3ff'1} =10

[:fr_f|f:"3ff'1} = 1.0

Assuming that Poisson’s ratio is zero gives then this torsional stiffness

rafin 1e Aafinad ac

49
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Direct Design Method: 50

Torsional constant of the edge beam, C

It 1s calculated by subdividing the cross section into rectangles and carrying out
the summation where x is the shorter side of a rectangle and y is the longer side. Different

combinations
of rectangles should be tried to get the maximum value of C. The maximum value normally

is obtained when the wider rectangle is made as long as possible.

Assuming that Poisson’s ratio is zero gives then this torsional stiffness April 23, 2020

rafin 1e Aafinad ac



Direct Design Method:

Beam-to-Slab Stiffness Ratio a,

where E, and E_, are the moduli
o o licity of the Dbeanm
@ nd slab concrete,
respectively, I, and I_ are the
moments of inertia of the
Uncracked beams and slabs

April 23, 2020



Direct Design Method: 52

Beam-to-Slab Stiffness Ratio a;,

The sections considered in computing I, and [_are shown shaded below.

(a) Section for /,—Edge beam. ) Section for jy—Interior beam.

i C%mmdﬁmmb

(b) Section for is—Edge beam. } Section for Is—Interior beam.

The span perpendicular to the direction being designed is L,.

Addis Ababa institute of Technology April 23, 2020
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Punching shear in accordance to
Eurocode: what is punching shear?

Consider a portion of slab subjected to an increasing concentrated
load . Eventually the slab will fail. One possible method of failure
is that the load “punches” through the slab.

The failure mechanism is by shear, hence the name Punching
Shear.

Some examples of the occurrence of concentrated loads on a slab
are a common, particularly on a pad foundation, and wheel
loads.

This same type of failure could also happen in another way. Turning the
structure upside down we get....

A flat slab supported by a column, where, as described in the previous
topic “Slabs”, there is a high concentration of shear force around the
column head.

When the total shear force exceeds the shear resistance of the slab, the
slab will be ‘pushed down’ around the column, or this can be viewed as
the column being ‘pushed’ through the slab, thus:

Addis Ababa institute of Technology April 23, 2020



Punching shear in accordance to
Eurocode: shear Resistance

e

unching Shear Is the most common, and is a major
’/////////////////////,/////f%//?/// at slab constructi:)n In pJad

ritical | W ire satisfied by providing sufficient
o

»

=
o

e

mphasis of this topic is, therefore,
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Punching shear in accordance to

Eurocode: shear Resistance

Methods have been proposed for checking the
stress on the failure planes, but the general
method adopted is similar to that for
transverse shear in beams, but checks shear
stresses rather than shear forces.

57

Once punching has occurred, the top bars
make only a very limited contribution to the
shear resistance since the cover is easily torn
away (but prior to punching they are vital to
the truss analogy in determining the strength

Thus, the shear force acting on a perimeter u
around the loaded area is resisted by a
nominal shear stress(capacity) Vp4.. acting
over the average effective depth d of the

section
shear capacity=Vpy . -u-d

Addis Ababa institute of Technology

the bottom bars,
deeply embedded, are not pushed out in the
same way and thus provide more resistance.
this is attributable initially to dowel action,
and then later at larger deformation to its
being kinked, as shown.

However, being more
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Punching shear in accordance to

Eurocode: shear Resistance 08

When punching occurs at a slab-column connection without shear reinforcement
the resistance and thus the load carrying capacity is greatly reduced. The load
is therefore transferred to the adjacent connections, which may also suffer
punching failures.

This may lead to a general failure of the floor which in turn could lead to a
progressive collapse of the structure as one floor fails onto the floor below. This
has occurred several times with flat slab structures in recent years, frequently
during construction when the concrete strength is not fully developed.

Providing shear reinforcement to restrain
the top bars by tying them to the bottom
bars greatly increases the resistance and
ductility of the slab-column connection.
Running the bottom bars through the
column or anchoring them in the column
will also increases the ductility..
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Punching shear in accordance to
Eurocode: rormuta for Shear Capacity

59

The empirical formula for the shear capacity (stress), V4. of a section shear reinforcement
(similar to beam shear) is given below.

VRd,c = [(CRd,c k- (] OO0,0]ka )0'333) 2V

Cry,c =0.18/ 7, k=1+(200/d)%>% <2

Where,

Y. is the partial
factor of safety of
concrete.

k is a coefficient
to allow for the
‘scale effect’

]+0.100,,

min

£1 = (P, ) <0.02

Pix = Aslx /dx; p'ly = Asly /dy

Ay and A, are the mean reinforcement
areas in the x and y directions, in a slab
width equal to the column width plus 3d

each side (mm?/mm)’

Voin = 0.035k' £, 0

This to account for
the plain concrete
section capacity.

The desigh shear resistance of the section without shear

reinforcement is:-

Where,

u is the length of the perimeter of the section.
d is the average effective depth of the section =(d, + d,)

Addis Ababa institute of Technology

O = (0 0,,)/2<0.2f
Ocx = Nde /Acx

O-cy = NEdy / Acy

This term allows for
the influence of the
longitudinal stress
due to an external
force
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Punching shear in accordance to

Eurocode: controt perimeter 60

Comparisons with a large number of test results show that the closer the basic control perimeter
is to the loaded area, the greater is the influence on the size of the loaded area relative to the
slab depth on the shear resistance of the slab.

The basic control; perimeter, U, should be
constructed so as to minimize its length.

There are other parameters which affect the
positions and length of control perimeters.

u,=2a+2b+ndd U, = n(a+4d)
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Punching shear in accordance to

Eurocode: control perimeter 61

Loads and Footing

Control Perimeter at a distance less than 2d should be considered where the concentrated force
is opposed by:

= A high distributed pressure, for example soil pressure on a footing, or

» Aload or reaction within the basic control perimeter of 2D.

Free edges
For loaded areas situated near an unsupported edge or corner, the basic control perimeter is as
shown below, provided this gives a perimeter, excluding the unsupported edges, which is less
than that calculated for an internal loaded area.
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Punching shear in accordance to
Eurocode: controt Perimeter

62

Openings

For loaded areas situated near openings, if the shortest distance between the perimeter of the
loaded area and the edge of the opening does not exceed 6d, that part of the control perimeter
contained between the two tangents drawn to the outline of the opening from the center of
the loaded area is considered ineffective.
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Punching shear in accordance to

Eurocode: controt perimeter 63

Heads and drops

Circular column heads: =2d + Ih +0.5¢c

rcont

L =2d+0691,
=2d +0.56 (I, 1,)°

r
Rectangular column heads: col
lesser of

r{:ont

rcont,ext r
|'"— cont,int™™1
{ i
4 -

r{:{:-nt_.int

=2[d+hh] +0.5¢c
r =2d + Ih +0.5c

cont,ext
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Punching shear in accordance to
Eurocode: Effective Shear Force

For a footing the average soil pressure, g acting over the
area within the control perimeter, A_, can be subtracted
from the punching shear force, V., because it helps to resist
the shear force.

Thus, Veg= Veg - 4 Aone

For a Slab-column connection the design is based on the total shear
force, Vg, at the column face (where an equivalent frame analysis
has been used the direction giving the greater value of V¢, is used).

Generally, moment is transferred to the columns so the shear  gffactive shear force is BV
distribution is not uniform and a factor, B is used to take
account off local concentrations. Condition 8

For structures where the lateral stability does not depend on frame RIT=1g1r:1Belo (7 82] 8 Tk % b
action between the slabs and columns, and where the adjacent
spans do not differ in length by more than 20%, simplified values of Edge column 1.40

B may be used.
y Otherwise B must be calculated Corner COlumn 1 ’ 50
Addis Ababa institute of Technology April 23, 2020
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Punching shear in accordance to
Eurocode: pesi gn Procedure

| basic control perimeter, length = u,
é L Z@xnrdf
loaded area

1cal S | 2GS re ance, VRd,c Of the Slab at the Vﬂd,c = Cﬂd,ckx

/// ///// (100p,f,)'° , etc.

ck

/4%3/’44;/’//://.';;9;;,,

e loaded area.
d area, where u, is

=
(=
1
m

£q = BVey/(u d)

Vea © ﬁVEdf[u,ld]

1 NN

D ooe April 23, 2020



Punching shear in accordance to
Eurocode: Punching Shear Reinforcement

The shear /////
/// //////////// TS

w is the area of one perimeter of shear reinforcement.
is the radial spacing of perimeters (not to exceed 0.75d).

is the effective design strength of the shear reinforcement.
=250 + 0.25d but not greater than fywd

The control perimeter where shear reinforcement is not
required, U, can be calculated:-

d) The shear reinforcement should be placed between the
loaded area and 1.5d inside U, . It should be provided in
at least 2 perimeters of link legs with each link leg
Addis Ababa institute of Technology providing a minimum area, A

u ut=j§WEdI[v

Rd,c

Sw,min* April 23, 2020
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Punching shear in accordance to

Eurocode: cowmn head/ capital

basic control perimeter, length = u,

" " " " M " " " M " " i INCT




Punching shear in accordance to
Eurocode: siab drop/drop panel

basic control perimeter, length = 1 An 1ncrea:
g M M g g 3 5 3 3 3 » » M M) i 4;/ ar
L a?“"d? au
LTJ loaded area /4/ |

%
£ LA

N1S the!

_construction
h routing of

i April 23, 2020



Punching shear in accordance to
Eurocode: other ways to increase slab shear capacity

basic control perimeter, length = u,
"

3 \ \ A

b

loaded area

mall amount, and this was true of many

perimeLer p .
//é////////////////////// he loaded area or the slab depth could be

e the permanent load.

1SU | |

N’

Y

se the concrete strength.

greatly exceeds Vg, . then thought must be given to
he form of construction.

///’4522

y

,,,,, y April 23, 2020



Punching shear in accordance to
Eurocode: Detailing Consideration

The placing of shear reinforcement should comply with the §

following:-
» It should be fixed on at least 2 perimeters, the inner of which, s,
is located between 0.3d and 0.5d from the face of the loaded

area;
» The spacing of link perimeters, Bahastingt(exeskteOdtidn

« The spacing of links around a perimeter, s, must not exceed 1.5d |

for perimeters with in the basic control perimeter, and 2d for
perimeters outside the basic control perimeter.

These criteria will often dedicate the amount of shear reinforcement
provided

Addis Ababa institute of Technology

April 23, 2020



Punching shear in accordance to
Eurocode: Detailing Consideration

el

ne area ¢ d spacing of reinforcement in the
ical legs of the shear ladders is

e

inks they are designed to replace.
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Punching shear in accordance to
Eurocode: Detailing Consideration
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Punching shear in accordance to
Eurocode: Detailing Consideration

links. Different size hoops are placed around the

olumn, here 4 shear hoops have been fixed.
\baba inst Technology
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Punching shear in accordance to
Eurocode: Detailing Consideration

A e s e B 1

'-;mug;h ISIEIE: = |s | Shear heads
==y = = == “ : mgmx.. shear head is prefabricated from structural steel
L"w‘g ,,.,3'3' channel sections which carry all the shear force at
“‘“‘““ the column. Service holes are easily provided

adjacent to the column.
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Punching shear in accordance to
Eurocode: Summary on Definition of control perimeter

2d :

= arctan (1/2) -b--rdoend
= 26.6° sl ' - basic control
: c section

a) Section

- basic control area Acont

- basic control perimeter, u4
[D]- loaded area Ajgag

reont further control perimeter
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Punching shear in accordance to

Eurocode: Summary on Punching shear reinforcement 76
detailing

,Uljter perimeter of shear
Outer contral . reinforcemant _...o-----
perimeter .’ '

Q.'.- immam cmam fmm e -.‘.‘o

The outer control perimeter at which
shear reinforcement is not required,

; ;oé({?dif -207om Should be calculated from:

: : ' column) —_—
o ot—| A| Usuter = VEq / (VRd,c d)

The outermost perimeter of shear
reinforcement should be placed at a
— distance not greater than kd (k =

. perimeter 1.5) within the outer control
VAN oy perimeter.




Example 3.3. Check the punching shear for the slab-column below by addressing

questions a to e sequentially.

S

Frame is braced with 7.2m column centers.
Internal columns 350mm square

h=250mm; cover=25mm

C 30/37, S - 500

All reinforcement ¢20c/c175mm

Reaction at column Vg ,;=765kN

What is the design punching shear stress, v, at the column face (MPa)?

What is the maximum design punching shear stress, Vq4 ., (MPa)?
What is the length of the basic control perimeter, u, (mm)?

What is the design punching shear resistance, vg, . at the basic control
perimeter (MPa)

What area of vertical shear (Punching shear) reinforcement, A, is required for
each perimeter of links (mm?)?



Solution [a]. What is the design punching shear stress, vi4 at the column face (MPa)?

Step1: Summarize the given parameters
Material C30/37 f,=30MPa; f_4=16.77MPa;
fem=2.9MPa; E_ =33,000MPa

S-500  f,,=500MPa; f,,=434.78MPa;
E.=200,000MPa

e e i e C S S TS

Step2: Compute v, at the column face (Mpa).

Vey = ﬁ'u'Edf[uDd]

d, =250-25-20/2 =215 mm
dF:250-25-1_5*ED =195 mm
d =(215+ 195)/2 = 205 mm
Length of perimeter of column face, u, is - simplified values of B for
effective shear force
4 x 350 = 1400 mm —
| o Condition
Using simplified value of 1.15 for p then - ntarmal calumn 115
Edge column .
v = 1.15x 765 x 1000 Corner column 1.50
Ed 1400 x 205

= 3.07 MPa




Solution [b]. What is the maximum design punching shear stress, Vg, ., (MPa)

Step1: Summarize the given parameters.

Same as in {a}.

Step2: Compute Vi4 ., at the column face (Mpa).

= 05vf,
v = 0.6(1-f /250)

v = 06 (1-30/250)
= 0.53

Ve = 05%0.53x0.85x 30/1.5

4.49 MPa

This Is greater than Vg at face of column (3.07)
50 section is OK.



Solution [c]. What is the length of the basic control perimeter, u, (mm)?

Step1: Summarize the given parameters.

Same as in {a}.

Step2: Compute u, (mm).

d = 2056 mm

basic control perimeter is 2d from face of
column = 410 mm

Therefore, u, = 4x 3050 +mx2x410

= 3976 mm

Funching shear stress at basic control
perimeter, u, IS -

v _ 115 % 765 x 1000 - 1.08 MPa
Ed 3976 x 205




Solution [d]. What is the design punching shear resistance, vy, . at the basic control perimeter
(MPa)

Step1: Summarize the given parameters.

Same as in {a}.
Step2: Compute Vg, - (MPa).
VRd.c ~ CRrac K (100p, T, %33 (No axial force)

k=1+(200/d)"® =1+ (200/205)"° =1.988
(maximumk=2)
Agy = Ay, = 1207/ (4x175) = 314 mm’
Py = Ay, | d, =314)/215 = 0.0083
Py =Ag, /d, =314)/195 = 0.0092
P = (P X Pyy )95 = 0.0088 (maximum = 0.02)

Vi o = (0.18/1.5) x 1.988 x (100 x 0.0088 x 30)0-333
=071 Minimum = 0.035 k' fcku_f,. _ 0.537

Therefore, Vode™ 0.71 MPa
Ve, at control section, u, = 1.08 MPa

Veg > vﬂdcthereﬂjre shear

reinforcement is required.




Solution [e]. What area of vertical shear (Punching shear) reinforcement, A, is required for
each perimeter of links (mm?2)

Step1: Summarize the given parameters.
Same as in {a}.

Step2: Compute the control perimeter at which shear reinforcement is not required.

, . PYEd _ 115x765x1000
out = vp. . d 071 x205

= 6050 mm

This perimeter is at nd from the column face, where.

n = {um-un}f{znd}
= (6050-1400)/(2mx205) = 3.61

The outmost perimeter of shear reinforcement need not be placed as a distance
greater than 1.5d inside u,,. The innermost at 0.3-0.5d, and there should be at least
2 perimeter shear reinforcement.
Therefore, number of perimeter required = 4
and spacing of perimeters = 120mm



Step3: Compute the shear resistance provided while punching shear reinforcements are provided.

v - 0.75v . 1.5d X A f}rwd,ef sina
Rd,cs . Rd,c S u, d
Vpges = Vgq therefore Check for minimum area of punching’f’egiﬁi‘c’)r'c':em'ent
,CS :
A y 1.5sino. + cosa
{vEd - []_?5de - }u1 i sw,min S S, - Ij\‘w..r,min
A = : - 0.5

SW (1.5d/ Sr}xfywd.ef where, Pw.min - (0.08 I‘[:h ]”yk

fowdef = 220 +0.20d = 301 MPa. s_ = 120 (0.59d), maximum allowable s, = 410 (2d),

links are verical so a = 90 degrees, therefore -

A (1.08-0.75x0.71)x 3976 x 205

I

~ 008x30%°x120x410 5
=W (1.5 x 205/120) x 301 Ao min ~ 15500 = 368 mmz
2 ides 50.3
A, = 578 mm ($8 provides 50.5 mm")

Choice of link size to satisfy maximum tangential spacing-

minimum 8 legs at inner perimeter (90mm from the face of the column) and,
11 legs at outer perimeter (460mm=4x120mm)

And provide 578mm?per perimeter. Propose ¢10 ? (8$10=628mm? > 578mm?)
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Equivalent Frame Method According
to ACI: Introduction

, bution of
(pre previous

/4/@ .. tion of the total ‘negative’ and
of gravity loading.
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Equivalent Frame Method According

to ACI: introduction 36

Hence, given a flat slab system the apportioning in to an external/edge and internal equivalent
frame system is done as shown below.

internal equivalent

frame (Y direction)

-
external

equiv. frame
(X direction¥

internal |
equiv. frame
(X direction)
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Equivalent Frame Method According
to ACI: introduction

87

internal equivalent frame system
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Equivalent Frame Method According

to ACI: introduction 38

The bending moments and shear forces are obtained in EFM by an elastic analysis.

The load transfer in the equivalent IResseiiadl

frame involves three distinct

interconnected elements.

» the slab-beam members (along
span (,)

» the columns (or walls); and

» the torsional members, transverse
to the frame (along span [,) and
along the column lines.

LY - R N
~ torsional member (stiffness Ki)

To account for the increased flexibility of the slab-to-column connection, it is
recommended to use an equivalent column with stiffness K. to replace the actual
columns and torsional members.
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Equivalent Frame Method According 89
to ACI: introduction

For gravity-load analysis, ACI allows analysis of an entire equivalent frame extending over the
height of the building, or each floor can be considered separately with the far ends of the
columns being fixed. (Comprising horizontal slab-beam members and vertical ‘equivalent

columns’)

i i i i

G

The far ends of the columns being fixed

How can we determine the

stiffness of each element in the
analysis of the equivalent frame?
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Equivalent Frame Method According 88
to ACI: Properties of Slab-Beams

The horizontal members in the equivalent frame are referred to as slab-beams. These consist of
either:

« onlyaslab, or
» aslab and a drop panel, or
» aslab with a beam running parallel to the EF.

ACl allows determination of the moment of inertia
of slab-beams at any cross section outside of joints REGEEEEIEE

or column capitals using the gross area of concrete. e ? e
Variations in the moment of inertia along the length

I

shall be taken into account. H{ ]<72

(b} Variation in Elalong slab-beam.

Thus, for the slab with a drop panel shown in Fig. a, .

[}
the moment of inertia at section A-A is that for a ‘]
slab of width L,. y
{c) Cross seclion used in compute Iq—Section A-A.

At section B-B through the drop panel, the moment

of inertia is for a slab having the cross section
shown in Fig. d

Addis Ababa institute of Technology

(d) Cross section used to compute lz—Section B-B.



Equivalent Frame Method According
to ACI: Properties of Slab-Beams

89

Similarly, for a slab system with a beam parallel to
l, as shown in Fig. a, the moment of inertia for
section C-C is that for a slab-and-beam section, as
shown in Fig.c

(&) Slab with beams in two directions.

Section D-D is cut through a beam running
perpendicular to the page e,

11— ealin? ~Elz

i1 — calial

e

Moment of inertia of slab-beams from center of
column to face of column, bracket, or capital shall

be assumed equal to the moment of inertia of the = T
slab-beam at face of column, bracket, or capital :?l
divided by the quantity (1 - ¢,/1,)?, where ¢, and |, -1

are measured transverse to the direction of the
span for which moments are being determined.

e

(b} Variation in Ef along slab beam.

(c) Cross section used to compute {1—Section C-C

(d) Cross section used
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Equivalent Frame Method According |
to ACI: Properties of Columns |

S Shal



Equivalent Frame Method According
to ACI: Properties of Columns

91

The figures here
illustrates these
points for four B
common  cases. =

Again’ the column {z) Slab system Colurmn stiffness {b) Slab system with Column stiffness
anal_ogy can be without beams. diagram column capitals.

used to solve for |
the moment- , | I —|—

distribution
constants, or
Bottom of slab-

table values can beam at joint e
be used. l
'] — =

3 Top of slab-beam

ic) Slab systam with Column stiffness ':I—"—j

drop panels. diagram id) Slab system Column stiffness
with beams. diagram
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Equivalent Frame Method According to 97

ACI: Torsional Members and Equivalent Columns

In the equivalent frame method of analysis,
columns are considered to be attached to the
continuous slab beam by torsional members
transverse to the direction of the span for
which moments are being found.

Torsional deformation of these transverse
supporting members reduces the effective
flexural stiffness provided by the actual column
at the support.

columns above and below the slab-beam, plus
attached torsional members on each side of the
columns extending to the centerline of the
adjacent panels as shown below.
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Equivalent Frame Method According to
ACI: Ttorsional Members and Equivalent Columns

etal frame

b, it was found that the test
moments were less than the
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Equivalent Frame Method According to
ACI: Torsional Members and Equivalent Columns

94

In Fig. a & b, the ends of the beam & column or the slab ;
& wall undergo equal rotation.

(a) Beam and column frame.

In Fig. c, however, the rotation at A of strip A-B is greater
than the rotation at point C, because there is less
restraint to the rotation of the slab at this point.

In effect, the edge of the slab has twisted, as shown in
Fig. d.

To account for this effect in slab analysis, the column is
assumed to be attached to the slab-beam by the
transverse torsional members A-C and one way of
including these members in the analysis is by the use of
the concept of an equivalent column, which is a single
element consisting of the columns above and below the
floor and attached torsional members, as shown in Fig. d.

{d) Column and edge of slab.
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Equivalent Frame Method According to 95

ACI: Torsional Members and Equivalent Columns

The stiffness of the equivalent column, K., represents the combined stiffnesses of the columns
and attached torsional members:

The stiffness, K.., of the equivalent column is obtained by taking the equivalent (or effective)
flexibility (inverse of stiffness) of the connection as equal to the sum of the flexibilities of the
actual columns and the torsional member

M

average rotation of the edge beam

This average rotation is the rotation of the end of the columns, 6., plus the average twist of
the beam, 6, ,,,, with both computed for a unit moment:

The value of 6. for a unit moment is 1/3K,
The value of 6, ., for a unit moment is 1/K,

Where: K.. = Flexural stiffness of equivalent column
K. = flexural stiffness of actual column
oy K; = torsional stiffness transverse to the column April 23, 2020



Equivalent Frame Method According to
ACI: Ttorsional Members and Equivalent Columns

9F,.C

6(1 = colly)’

o .
pita /% cket in the direction of |,.

quivalent to polar moment of inertia)

e much smaller

(atk C-D in Fig. d on slide 94) frames into the
| C

7 Z 7
ar moment is transferred directly to the column
i y

[ 1Al

4

ally D

/////// //4 r and I is the moment of inertia of the slab neglecting the
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Equivalent Frame Method According to
ACI: Torsional Members and Equivalent Columns

orsional members is
.7.5.1(a) to (c) and is

[0]8
=
.

lefined 1n Al _ode S

Condition (a)

on of slab specified in (a) plus that
the transverse beam above and below

he transverse beam as defined in 13.2.4

lote that this cross section normally will be
different from that used to compute the flexural
stiffness of the beam and the beam section used
for torsion design (both defined by ACI Code
Section 13.2.4). This difference always has been
associated with the use of the equivalent-frame bu + by = by + 8h

method.
Addis Ababa institute of Technology
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Equivalent Frame Method According
to ACI: in conclusion...

port, factored dead load on all panels
he two adjacent panels.

r the case of full factored and live loads on
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