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PTS285a

Punching shear limits long spans

| | exceeds twice the length of short

PTS290
Suitable, where long span

Span

(a) Flat plate

Excassive reinforcement over
supports can limit the span length

(b) Flat slab with square column capitals

Large deflections limits the span
length

(c) Flat slab with drop panels

Samples of Two-Way Construction (part-1)

FIGURE 4.6.1A-1a

—

Suitable for short spans exceeding
23 ft (7m) and material to fabor
expensive

| Tive load (40 psf; 2 kN/m2),

Suitable for short spans
exceeding 23 ft (7m); light

and material to labor expensive

(c) Skip joist slab

L

Samples of Beam and Slab Construction

System Types

FIGURE 4.6.1A-1c Geometry of Common Floor
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PTS2850

Suitable where ratio of spas in
two directions is between 1.4 and
2

Suitable, where material relative
to labor is expensive

(e) Waffle slab

Samples of Two-Way Construction (part-2)
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FIGURE 2.3.7-1 Typical Tonnage Breakdown of
Post-Tensioning Application in the US (P376)
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CONSTRUCTION SEQUENCE FOR UNBONDED POST-TENSIONED SLAB

FIGURE 2.4-4 Components of an Unbonded Post-
Tensioning System (P144)
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Permanent corrosion
inhibiting coating

L— Strand

L

Plastic sheath
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FIGURE 2.5.1A-2 Strand Delivered to Site in Coil
(P403)
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FIGURE 2.4.3A-1 Equipment for Mono-Strand
Stressing (P158)
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BANDED
|/, |TENDONS _

WIN TWO STRANDS
OVER COLUNN
(a) BANDED - DISTRIBUTED (b) BANDED - BANDED
@nassnv el e
||— -ll ' |
i s = E
Ljﬁlﬁﬁ TWO STRANDS T
OVER COLUMN

(c) DISTRIBUTED - DISTRIBUTED (d) MIXED
PRINCIPAL OPTIONS OF TENDON LAYOUT

FIGURE 2.1-1
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PTS197
pretensioned

i stressing bed r steel
L'

(a) Tensioning of prestressing steel in stressing bed
before casting concrete

(b) Casting of concrete around tensioned steel, = 0

member
cut strands [ shortening

(c) Release of strands from stressing bed causing
shortening of member

Basics of Pre-Tensioning Steps
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— wire PTS105
/

A

(a) Seven wire strand

plastic sheathing —,

0‘5"1

~ corrosion inhibiting
coating
note: * nominal diameter

(b) View of tendon
Unbonded Tendon

FIGURE 2.4.1-1 Section of a Seven Wire Strand
and Tendon
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plastic or metal sheath — ~ grout

(BB®)

— 7 wire strand

(b) Grouted

FIGURE 2.4.2A-1 Cross-Sectional Views of Typical
Slab Tendons
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FIGURE 2.4.2A-2 View of Plastic Ducts for
Slab Construction (P150)
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FIGURE 2.5.3A-2 Soffit of Slab is Painted to Show
the Location of Tendons (Mumbai; P206b)
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PTS207

cost

span (m)

Span Versus Cost

FIGURE 2.6-1 Relationship between Construction
Cost and Span for Post-Tensioned and
Conventionally Reinforced Floor Systems
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Consider the same beam with a parabolic tendon profile.

- —c.g.

L2 L2 ]

Now pull out the tendon and analyze it alone. Once again, a tendon under tension wants to straighten,
but this is resisted by the stiffness of the material.

Now pull out the tendon and analyze it alone. Once again, a tendon under tension wants to straighten,
but this 1s resisted by the stiffness of the material.

Think of this as a clothesline. An evenly distributed load (of clothes, say) creates a second order
parabolic shape. referred to as a catenary. Therefore, if a tendon is to retain its parabolic shape, it must
“feel” uniform loading acting upon it. No other load will create this same shape.

18
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Now cut a free-body diagram at the centerline:

Sum moments about “O”:

|
Fa = wequv (3) () = 0

2
WequivL

o
e 3

8Fa
Wequiv = 12

Summary

BEAM WITH NO EXTERNAL LOADS (WEIGHTLESS) AND STRESSED TENDONS

"MATERIAL ONLY" MOMENT DIAGRAM (DRAWN TO TENSION SIDE)

Mo Again, Mequiv equals
F multiplied by e,
the eccentricity of
thec.gstothec.g.c.,
at any point

"TENDON ONLY" MOMENT DIAGRAM

Mcquw
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NET SYSTEM MOMENT DIAGRAM
\ %

FINAL DEFLECTED SHAPE AND MATERIAL STRESSES

/ = Mequiv/St - F/A
N

f=-Mequis/Sb - F/A

_ 5“""requi\;'L4
T 384E]

A value of 60 to 80 percent 1s generally used as the self load balancing ratios.
Typically precompression levels generally range between 0.125 to 0.275 Kksi.
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(a) RC (b) PT

FIGURE 2.2D-1 Conventionally Reinforced and
Post-Tensioned Concrete Frames—Span and
Thickness Comparison
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FIGURE 2.2E-1 Beamless Flat Slab Construction
Using Post-Tensioning (P134)
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(a) Plan showing irregular support layout wihout beams (b) View of tendon layout (P135b)
(P135a)

FIGURE 2.2F-1 Example of an Irregular Floor Geometry and Support Layout
(Alta Hospital Podium, USA)
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(a) Base plate of steel columns planted on PT slab (P136a)
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Short-term or Stressing losses - These are losses that occur during and immedi-
ately after the post-tensioning operations and are caused by friction between the
tendons and the duct, elastic shortening, and seating of anchors.

Long-term losses - These types of losses happen over time and also may be re-

ferred to as time-dependent losses and include creep, shrinkage, and steel relax-
.___.._r-"'_\ —————
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6.2  Design Load Combinations

6.2.1 Initial Service Load Combination

The following load combination 1s used for checking the requirements at trans-
fer of prestress forces. in accordance with ACI 318-08 clause 18.4.1. The pre-
stressing forces are considered without any long-term loses for the initial ser-
vice load combination check.

1.0D + 1.0PT (ACTI184.1)

6.2.2 Service Load Combination

The following load combinations are used for checking the requirements of
prestress for serviceability in accordance with ACI 318-08 clauses 18.3.3,
18.4.2(b), and 18.9.3.2. Tt is assumed that all long-term losses have already oc-

curred at the service stage.

1.0D + 1.0PT
1.0D +1.0L + 1.0PT (ACL18.4.2(6)

26
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6.2.3 Long-Term Service Load Combination

The following load combinations are used for checking the requirements of
prestress in accordance with ACI 318-08 clause 18.4.2(a). The permanent load
for this load combination 1s taken as 50 percent of the live load. It 1s assumed
that all long-term losses have already occurred at the service stage.

1.0D + 1.0PT

1.0D + 0.5L + 1.0PT (ACI 18.4.2(b))

Strength Design Load Combination

The following load combinations are used for checking the requirements of
prestress for strength in accordance with ACT 318-14, Chapters 8, 9, and 24.

The strength design combinations required for shear design of beams and
punching shear require the full PT forces (primary and secondary). Flexural de-
sign requires only the hyperstatic (secondary) forces. The hyperstatic (second-
ary) forces are automatically determined by SAFE by subtracting out the pri-
mary PT moments when the flexural design 1s carried out.

14D + 1.0PT” (ACI Eqn. 5.3.1a)
12D + 1.6L + 0.5L, + 1.0PT" (ACIEqn.5.3.1b)
12D + 1.0L + 1.6L,+ 1.0PT’ (ACIEqn.5.3.1c)
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Limits on Material Strength

The concrete compressive strength, /.. should not be less than 2500 psi (ACI
19.2.1, Table 19.2.1.1). The upper limit of the reinforcement yield strength. £.
1s taken as 80 ks1 (ACI 20.2.2 4a, Table 20.2.2.4a) and the upper limit of the re-
inforcement shear strength, fi.. 1s taken as 60 ksi (ACI 21.2.2.4a, Table
21.2.2 4a).

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
being greater than the limits. The user is responsible for ensuring that the min-
1mum strength is satisfied.

Strength Reduction Factors

The strength reduction factors. ¢, are applied on 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)
@ = 0.65 for flexure (compression controlled) (ACI21.2.1, Table 21.2.1)
¢@=0.75 for shear and torsion. (ACI21.2.1. Table 21.2.1)

The value of ¢ varies from compression-controlled to tension-controlled based

on the maximum tensile strain in the reinforcement at the extreme edge, &
(ACI21.2.3).

Sections are considered compression-controlled when the tensile strain in the
extreme tension reinforcement is equal to or less than the compression-
controlled strain limit at the tume the concrete in compression reaches its as-
sumed strain limit of & max, Which 1s 0.003. The compression-controlled strain

28
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limit 1s the tensile strain in the reinforcement at the balanced strain condition.
which 1s taken as the yield stramn of the reinforcement, (f,/E) (ACI 21.2.2.1,
Table 21.2.2).

Sections are tension-controlled when the tensile strain in the extreme tension
reimnforcement 1s equal to or greater than 0.005. just as the concrete 1 compres-
sion reaches its assumed strain limit of 0.003 (Table 21.2.2. Fig R21.2.26).

Sections with & between the two limits are considered to be in a transition re-
gion between compression-controlled and tension-controlled sections (ACI
21.2.2, Table 21.2.2).

When the section 1s tension-controlled, ¢ 1s used. When the section 1s com-
pression-controlled. ¢. 1s used. When the section is 1n the transition region. ¢ 1s
linearly interpolated between the two values (ACI 21.2.2, Table 21.2.2).

The user 1s allowed to overwrite these values. However. caution 1s advised.

Serviceability Check at Initial Service Load

The stresses 1 the concrete immediately after prestress force transfer (before
time dependent prestress losses) are checked against the following limits:

= Extreme fiber stress in compression: 0.60 /. (ACI24.5.3.1)
» Extreme fiber stress in tension: 3 fﬂ (ACI24.53.2)
Kg -
CTTL_Z - 0.8 f ci

» Extreme fiber stress in tension at ends of

simply supported members: NE# (ACI24.53.2)

Kg -
m—2—>16 fci

1.0D + 1.0PT (ACI 18.4.1)
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Serviceability Checks at Service Load

The stresses in the concrete for Class U and Class T prestressed flexural mem-
bers at service loads, and after all prestress losses occur, are checked against
the following limits:

» Extreme fiber stress in compression due
to prestress plus total load: 0.60 fc (ACI 18.4.2(b))

» Extreme fiber stress in tension in the precompressed tensile zone at service
loads:

— Class U two-way slabs: |, <641, (ACI24.5.2.1)

Kg [_,

1.0D + 1.0PT

2
1.0D + 1.0L + 1.0PT (ACI 18.4.2(b))

Serviceability Checks at Long-Term Service Load

The stresses in the concrete for Class U and Class T prestressed flexural mem-
bers at long-term service loads, and after all prestress losses occur, are checked
against the same limits as for the normal service load, except for the following:
L

» Extreme fiber stress in compression due to prestress plus total load:

0457 (ACI24.5.4.1)
» Extreme fiber stress in tension in the precompressed tensile zone at service
loads:
— Class U two-way slabs: f < 6\/f_'(, (ACI245.2.1)
% - 1.6 \/Z
1.0D + 1.0PT

' 2
1.0D + 0.5L + 1.0PT (ACI18.4.2(b))
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* At anchors and couplers after force
transfer: 0.70f 5. (ACI 18.5.1(c))

Serviceability Checks of Prestressing Steel

The program also performs checks on the tensile stresses in the prestressing
steel (ACT 20.3.2.5). The permissible tensile stress checks, in all types of pre-

stressing steel, 1n terms of the specified minimum tensile stress f,., and the min-
mmum yield stress, £, are summarized as follows:

= Due to tendon jacking force: min(0.94f,,, 0.80/,,) (ACI20.3.2.5.1)

» At anchors and couplers after force
transfer: 0.707,. (ACI20.3.2.5.1)

Slab Design

Similar to conventional design, the SAFE slab design procedure imvolves
defining sets of strips 1 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 1s completed using the ultimate strength design method (ACI 318-14)
for prestressed reinforced concrete as described in the following sections. To
learn more about the design strips, refer to the section entitled "SAFE
Design Features" in the Key Features and Terminology manual.
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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. Those moments will always be n 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
those element boundaries. The slab flexural design procedure for each load
combination involves the following:

» Determine factored moments for each slab strip.
» Determine the capacity of post-tensioned sections.
» Design flexural reinforcement for the strip.

These three steps are described in the subsection 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.

20.8.1.1 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.

20.8.1.2 Determine Capacity of Post-Tensioned Sections

Calculation of the post-tensioned section capacity 1s identical to that described
earlier for rectangular beam sections.
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20.8.1.3 Design Flexural Reinforcement for the Strip

The reinforcement computation for each slab design strip, given the bending
moment, 1s identical to the design of rectangular beam sections described
carlier (or to the flanged beam if the slab is ribbed). In some cases, at a given
design 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 de-
signs the tributary width associated with each of the slab properties separately
using its tributary bending moment. The reinforcement obtained for each of the
tributary widths i1s summed to obtain the total reinforcement for the full width
of the design strip at the considered design section. This method 1s used when
drop panels are included. Where openings occur, the slab width 1s adjusted ac-
cordingly.

20.8.1.3.1 Minimum and Maximum Slab Reinforcement

For one-way slab with bonded prestressed reinforcement, total quantities of A
and A,s shall be adequate to develop a factored loads at least 1.2 times the
cracking load calculated on the basis of modulus of rupture (ACI 7.6.2.1). Cur-
rently this check 1s NOT performed in the program.

For one-way slab with unbounded tendons, the minimum area of bounded de-
formed longitudinal reinforcement, A i, has the following limit (ACI 7.6.2.3):

A.s,.min = 0004Acr (ACI 7623)

where A 1s the area of that part of the cross-section between the flexural ten-
sion face and the centroid of the gross-section.

For two-way prestressed slabs, a minimum area of bounded deformed longitu-

dinal reinforcement, A; ., 1s provided mn accordance with ACI section 8.6.2.3,
Table 8.6.2.3.

Reinforcement 1s not required in positive moment areas where f;, the extreme
fiber stress 1n tension in the precompressed tensile zone at service loads (after

all prestress losses occurs) does not exceed Z\If(,’ (ACI 8.6.2.3).

Kg ,_,
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In positive moment areas where the computed tensile stress in the concrete at
service loads exceeds 2,/f , the minimum area of bonded reinforcement 13

computed as:

.11
0.

N
= } , where f; <60 ksi (ACI8.6.2.3)

. Kg
60 Ksi = 4135—2
cm

In negative moment areas at column supports, the mimimum area of bonded
reinforcement in the top of slab in each direction 1s computed as:

4

s, 1nin

= 0.00075A£,f (ACI8.6.2.3)

where A 1s the larger gross cross-sectional area of the slab-beam strip in the
two orthogonal equivalent frames intersecting a column in a two-way slab
system.

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.
Note that the requirements when £, > 60 ks1 currently are not handled.

where Acr is the larger gross cross-sectional area of the slab-beam strips in two orthogonal equivalent
frames intersecting at a column in a two-way slab.

Check for Punching Shear

The algorithm for checking punching shear 1s 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.

20.8.2.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of /2 from the
face of the support (ACI 22.6.4.2). For rectangular columns and concentrated
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loads, the critical area 1s 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 20-4 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.

dj2
___________________ ]
| i - .
I I ! |
i i : // |
| ! L2 /] L
b T A, /- L . JE !
Interior Column Edge Column
FTTTTN I
/r"‘_-'“".‘ d/z :
/ AN :
f @'\J |
| I I
\ ] |
3 I
AN / I
g by
Circular Column T-Shape Column L-Shape Column

Figure 20-4 Punching Shear Perimeiters

20.8.2.2 Transfer of Unbalanced Moment

The fraction of unbalanced moment transferred by flexure is taken to be yr M.
and the fraction of unbalanced moment transferred by eccentricity of shear is
taken to be 5 M.

1
y = | (ACI8.4.2.3)
T1+(23
=1~y (ACI8.4.4.2.2)
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For reinforced concrete slabs, 77 1s permitted to increase to the maximum mod-
ified values provided in ACI Table 8.4.2.3.4 provided that the limitations on v,
and &; given in ACI Table 8.4.2.3 .4 are satisfied .

Column Span Vg & Maximum modified y
Location Direction
Corner Either <0.5¢v. | =0.004 1.0
column direction

Perpendicular | <0.75¢v. | >0.004 1.0

to the edge
Edge = - _
column Parallel to <0.4¢v. | 20.010 ,o - 1.25 <10
the edge Sy (2/3) [ b, /b,

Interior Either <0.49v. | =0.010 o 1.25 <10
column direction V1= 1+ ( 2,3';3) [ b, /b, o

where b: 1s the width of the critical section measured in the direction of the
span and b» 1s the width of the critical section measured in the direction per-
pendicular to the span.

20.8.2.3 Determine Concrete Capacity

The concrete punching shear stress capacity of a two-way prestressed section 1s
taken as:

vo=(B AL #0531, )+, (ACT22.6.5.5a, 22.6.5.5b)
: a.d
B, =m1n(3.5,( ; +1.5D (ACI22.6.5.5a, 22.6.5.5b)

where, /3, 1s the factor used to compute v, in prestressed slab; b, 1s the perimeter
of the critical section; f,. 1s the average value of /,. in the two directions; v, 1s
the vertical component of all effective prestress stresses crossing the critical
section; and ¢ 1s a scale factor based on the location of the critical section.
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40 for interior columns,
o. =130 for edge columns, and (ACI22.6.5.3)

5

20 for corner columns.

The concrete capacity v. computed from ACI 22.6.5.5 1s permitted only when
the following conditions are satisfied:

* The column is farther than four times the slab thickness away from any dis-
continuous slab edges.

» The value of 4/ f « is taken no greater than 70 psi.
» In cach direction, the value of /). 1s within the range:
125 < fpe <500 psi

In thin slabs, the slope of the tendon profile 1s hard to control and special care
should be exercised in computing v,. In case of uncertainty between the design
and as-built profile, a reduced or zero value for v, should be used.

If the preceding three conditions are not satisfied, the concrete punching shear
stress capacity of a two-way prestressed section 1s taken as the minimum of the
following three limits:

{z%}bm

C

V. =min (ACI22.6.5.2)
A7, 1",
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where, /3 1s the ratio of the maximum to the minimum dimensions of the criti-
cal section, by 1s the perimeter of the critical section, and ¢ 1s a scale factor
based on the location of the critical section (ACI 22.6.5.3).

A limit is imposed on the value of / /¢ as:

\f e £100 (ACI22.5.3.1)
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Concrete Cover for Reinforcement Protection

ACI 318 Table 20.6.1.3.2 contains the concrete cover requirements necessary to protect the prestressed
and non-prestressed reinforcement in cast-in-place prestressed concrete members. However, larger
concrete cover may be required for fire resistance, which will be covered next. While the ACI 318 Code
only requires ¥ in cover for slabs not exposed to weather, many engineers will use a 1 in cover
regardless of exposure conditions to all prestressed and non-prestressed reinforcement and to headed
shear studs (punching shear reinforcing at columns) in a post-tensioned slab. This also allows shot pins
or drop-in anchors to be used that have an embedment of 1 in or less. Therefore in this example we will
use a concrete cover of 1 in at both the top and the bottom of the slab.

P70 ol e Ll 5o (yrowdao) 3 ,Sae (59 (7 Jiibgy Caoliud JSlas o olie #-F-1 Jgu

b bl g3 o

wad oollled | wad L KR bwgio e
Yo Yo b N Lo ygies 9 o 3
iz iz Y. Y. a5 5 b Jls
N NN Y. Yo ladiaigsg Lo lso

q. q. g O osgllss

Concrete Strength

/

Typically the concrete subcontractor will pour a slab section (approximately 12,000 square feet m this
case) on Thursday or Friday and will stress it on Monday. Many engineers specify a minimum concrete
compressive strength for stressing of 3,000 psi and also a maximum time period of 72 - 96 hours or so
from the placement of the concrete to the tume 1t 1s stressed. The purpose for the maximum time period
i1s to minimize the amount of shrinkage cracking that will occur before the concrete 1s compressed.
Given this combination of minimum strength and maximum time requirements the slabs will require
“high-early” strength concrete. Any mix design that achieves 3,000 psi in 3 days will easily achieve
5,000 pst in 28 days, so our design example will use a 28 day compressive strength of 5,000 psi and

3,000 psi at transfer.

Consider the same beam with a parabolic tendon profile.

",n

L2

L2

Now pull out the tendon and analyze it alone. Once again, a tendon under tension wants to straighten,
but this is resisted by the stiffness of the material.

——
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Now pull out the tendon and analyze it alone. Once again, a tendon under tension wants to straighten,
but this is resisted by the stiffness of the material.

I,

equive=

Think of this as a clothesline. An evenly distributed load (of clothes, say) creates a second order
parabolic shape. referred to as a catenary. Therefore, 1f a tendon 1s to retain its parabolic shape. 1t must
“feel” uniform loading acting upon it. No other load will create this same shape.

Now cut a free-body diagram at the centerline:

Sum moments about “O”:

L\ /L
Fa = Wequiv (z) (z) =0

2
WequivL

Fa =
a 3

8Fa

Wequiv - 12
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Summary

BEAM WITH NO EXTERNAL LOADS (WEIGHTLESS) AND STRESSED TENDONS

"MATERIAL ONLY" MOMENT DIAGRAM (DRAWN TO TENSION SIDE)

Men Again, Mequiv equals
F multiplied by e,
the eccentricity of
the c.g.s to the c.g.c.,
at any point

"TENDON ONLY" MOMENT DIAGRAM

Mcquw

NET SYSTEM MOMENT DIAGRAM

FINAL DEFLECTED SHAPE AND MATERIAL STRESSES

/— f‘= Mn:uui\/SI - FI'A

Z |

N
N f= -Mequi/Sb - F/A

— 5‘NequiVL4
384EI

A value of 60 to 80 percent 1s generally used as the self load balancing ratios.
Typically precompression levels generally range between 0.125 to 0.275 Kksi.
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4.2.2 Prestressing Steel

A. Strand: seven wire; low relaxation
Guaranteed Ultimate Strength = 270 ksi; (1860
MPa)

% More common; nominal diameter - 0.5 in (12 to
13mm) [0.5 in; 13mm] Effective area - 0.153 in2
(99 mm2)

% Less common: nominal diameter - 0.6 in (15mm)
Effective area- 0.217 in2 (140 - 150 mm?2) [140
mm2]

Modulus of Elasticity = 19000 ksi (200,000 MPa)

B. Unbonded System:

Angular coefficient of friction, p = 0.07

Wobble coefficient of friction, K = 0.0014 rad/ft
(0.0046 rad/m)

Effective force after all losses® =
MPa)

175 ksi (1200

The elongations of each strand will be provided by the supplier and those are a function of the length of
the strands and their material properties. A good rule of thumb is the elongation is 0.08 multiplied by the

anchor to anchor length of the strands. A tendon that is 100 feet long between anchors will have an

elongation of roughly 8 inches. Per Section 26.10.2(f) of ACI 318, if the measured elongation is within
7% of the calculated value, the stress is considered acceptable. If the measured elongation is outside this
limit, the contractor and engineer shall determine the cause of the discrepancy and correct it if required.

TABLE 4.3.2-1 Recommended Span/Depth Ratios (T124)

Continuous Simple
spans spans
Roof Floor Roof Floor
One-way solid slabs 50 45 45 40
Two-way solid slabs (supported 45-48 40 45
on columns only)
Beams 35 30 30 26

Note: The above ratios may be increased if calculations verify that _
deflection, camber, and vibrations are not objectionable.

——
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(ii) Plan

s,
N
’

(iii) v an

(b) Panel modeling with “design strips” (P507)

TABLE 4.3.2-2 Recommended Span/Depth Ratios

[TR43, 2005] (T125)

Total imposed load| Span/depth ratio
kN/m?2 psf 6 m < span<13m
20" <span < 40'
2.5 50 40
Flat slab 5 100 36
10 200 30
Stab with 2.5 50 44
ab wi

drop panel* > 100 =L
10 200 36

* Minimum drop panel dimension span/3 on plan,
extending not less than % of slab thickness below softit.

——
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150222 =12.42 12 Tend
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12090 use endon
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A value of 60 to 80 percent is generally used as the self load balancing ratios.
Typically precompression levels generally range between 0.125 to 0.275 ksi.

Poctuar 145080

= (800 = 16.48 Kg/cm? Ok
7 x22)

Astrip
Cross section Of strip — Agrip = Strip width X tgg

Aol w9 w 31 3 S (i @i 30 b s J S

J..J:L..A;JMSu,’;.:._:‘_g_gjﬁ.:_jd\JJ‘JLLoJJA)LJ.ALZLA)LA.L}JALﬂ‘)J

® ®
]
A A
gravity Loads
Wy x 1?2 2112 x 82
Mp = 3 - 3 = 16896 Kg.m

Balancing Loads

W, x 1?1690 x 82

M, = = = 13520 Kg.
b 3 3 3520 Kg.m

1.0D + 1.0PT (ACI18.4.1)

M., = 16896 — 13520 = 3376 Kg.m

47

——
| —



Mnet P
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f, = ~ e 17.75 = —28.2W C < 144 OK
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Serviceability Check at Initial Service Load
The stresses i the concrete immediately after prestress force transfer (before

time dependent prestress losses) are checked against the following limits:

= Extreme fiber stress in compression: 0.60 fm (ACI24.5.3.1)
0.6 X 240 = 144 Kg/cm? v

» Extreme fiber stress in tension: 3 fm (ACI24.53.2)

K
% - 0.8{f,; = 0.8V240 = 12.4 Kg/cm?

= Extreme fiber stress in tension at ends of

simply supported members: 6 fﬂ (ACI24.53.2)

K
% > 1.6yf o = 1.6v240 = 24.8 Kg/cm?

(F9om0) gu g 3w 3 w3 S (s @lado 3o b s J o5

48

——
| —



)

{/
=)

AN
Ve,

P
i I A

gravity Loads

—J

Wpesp X 12 (2112 + 1000) x 82

MD‘I'SD == 8 8 == 24896 Kg.m
Wiotas X 12 (2112 + 1000 + 800) x 82
MD+SD+L = 8 = 8 = 31296 Kgm

® ©

| I

Balancing Loads

W, x 1?2 1690 x 82

p="g = 3 = 13520 Kg.m
+
UD S= L (ACI 18.4.2(b))

1.0D+1.0L +1.0PT
LA dalt el SIS e s

M, = 24896 — 13520 = 11376 Kg.m
M., = 31296 — 13520 = 18776 Kg.m

M,,, P
fb=+5ne 7
strip
M,,, P
ft:_Sne _Z
strip

bt? 400 x 222

Sstrip = —g~ = ——¢—— = 32267 cm®

J.,B&\sz oS Al Slode ()Luap)l.&n o3l3 'C) e Ll gl sl 4&\4.34.?)3\.3@14.‘&\ Sy
RGN
P = 12 X 12090 = 145080 Kg

Poctuar 145080

= = 16.48 Kg/cm?
Aseriy 400 X 22 g/em
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11376 x 100 Kg

fb =+ 32267 —16.48 = +1877W T <27.70K
11376 x 100 Kg

= — 32267 — 1648 = —5173w C <180 0K

C ol el e s LS 5 sl

18776 x 100 Kg

fo=+ 32267 — 1648 = +417W T « 27.7 BAD
18776 x 100 Kg

= — 32267 — 1648 = —74‘66w C <180 0K

Serviceability Checks at Service Load

The stresses in the concrete for Class U and Class T prestressed flexural mem-
bers at service loads, and after all prestress losses occur, are checked against
the following limits:

» Extreme fiber stress in compression due
to prestress plus total load: 0.607. (ACI 18.4.2(b))

0.6 X 300 = 180~2 v/
cm

» Extreme fiber stress in tension in the precompressed tensile zone at service
loads:

— Class U two-way slabs: |, <641, (ACI24.5.2.1)

L9 1.6/ =1.6V300 = 27.7~L v
cm ¢ cm
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.
A A

gravity Loads

Wpesp X 12 (2112 + 1000) x 82

MD‘I'SD = 8 8 = 24896 Kg.m
Wiotar X 12 (2112 + 1000 + 0.5 x 800) x 82
Mpisp+osL = 3 = 3 = 28096 Kg.m
(A) (B
T
‘\\‘\1\_‘ - /‘
Balancing Loads
W, x 1> 1690 x 82
M, = = = 13520 Kg.m
8 8
1.0D + 1.0PT
(ACI 18.4.2(b))

1.0D +0.5L +1.0PT

European code EC2
< Total load (frequent)
1.00 DL + ¢, LL + 1.00 PT
% Sustained load (quasi-permanent)

1.00DL + y LL + 1.00 PT

TABLE 4.10.1-1 Fractions of Design Live Load to
be Considered as “Sustained; Quasi-Permanent.”31 (T113)

Occupancy Fraction of design live load
')
Dwellings and offices 0.3
Shopping; congested areas 0.6
Storage 0.8
Parking 0.6
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Moy = 24896 — 13520 = 11376 Kg.m
M,pr, = 28096 — 13520 = 14576 Kg.m

b=y M P
Sstrip A
fo M P
Sstrip A
bt? 400 x 222 ;
Sstrip = 6 = 6 = 32267 cm

Ja:.;L}P—‘JA)JGMMWJ|MOMP)‘JLOJ‘Jt)@b%d&@‘&‘@@jucb_wd\é‘ﬁ
sl
Pictuar = 12 X 12090 = 145080 Kg

Poctuat _ 145080
Agerip 400 X 22

= 16.48 Kg/cm?

¢ uls el Jol b S Sl

11376 x 100 Kg

f, =+ T 16.48 ~ +18.77W T < 27.7 0K
11376 x 100 Kg

= — 32267 —16.48 = —5173w C <1350K

E ol el s DL S Sl

14576 x 100 Kg
fb =+ 32267 —16.48 = +28cm2 T = 27.7 0K
14576 x 100 Kg
ft = — 32267 — 1648 = _6165W C <135 0K

Serviceability Checks at Long-Term Service Load

The stresses in the concrete for Class U and Class T prestressed flexural mem-
bers at long-term service loads, and after all prestress losses occur, are checked
are clicered

against the same limits as for the normal service load, except for the following:
—

» Extreme fiber stress in compression due to prestress plus total load:

0451, (ACT2454.1)

0.45 x 300 = 135-% v
cm

= Extreme fiber stress in tension in the precompressed tensile zone at service
loads:
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— Class U two-way slabs: 1, <641 (ACI24.5.2.1)

=% > 1.6,/f7, = 1.6y300 = 27.7-% v

cm?
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Strength Design Load Combination

The following load combinations are used for checking the requirements of
prestress for strength in accordance with ACI 318-14, Chapters 8, 9. and 24.

The strength design combinations required for shear design of beams and
punching shear require the full PT forces (primary and secondary). Flexural de-
sign requires only the hyperstatic (secondary) forces. The hyperstatic (second-
ary) forces are automatically determined by SAFE by subtracting out the pri-
mary PT moments when the flexural design 1s carried out.

1.4D + 1.0PT" (ACI Eqn. 5.3.1a)
12D+ 1.6L +0.5L,+ 1.0PT" (ACIEqn.5.3.1b)
12D+ 1.0L + 1.6L,+ 1.0PT" (ACI Eqn.5.3.1c)
14 12 2112 + 1000) x 82
Mpysp = =22 xE_ ¢ - )8 _ 54896 Kg.m
W, x 12 (800) x 82
L= = = 6400 Kg.m
8 8
W, x 12 1690 x 82
b="g = 3 = 13520Kg.m

Eadls el e s Sl S 5 sl

M, = (1.2 x 24896) + (1.6 x 6400) — 13520 = 26595 Kg.m

Slab Design
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6.8.1.3.1  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):

A, i = 0.0020 bh for f, = 40 ksi or 50 ksi (ACI7.12.2.1(a))

5,min

A, .o = 0.0018 b for f = 60 ksi (ACI7.12.2.1(b))

5,min

. Kg
60 Ksi = 4100 —
cm

jWhen spacing of tendons ws, additional bonded shrinkage and
temperature reinforcement (as computed above, ACI 7.12.2.1) 1s required be-
tween the tendons at slab edges, extending from the slab edge for a distance
equal to the tendon spacing (ACI 7.12.3.3)

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.

Q;J.6L@J|M{L~:ﬁ)¢;b}>)c,s\)j:uj@‘.x;s”b,;j:@u WY SIS dhob &S 5550 53 Osb (e ullae
.(@\;ﬁ\?}lﬁ.}clﬁn
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SLAB —

BEAM OR B?DED TENDONS \
<——BANDED TENDON
OR BEAM

' 600mm
232 (24%) (e

r;u/{s L }Lng n

l 45"’-\
- +  EDGE

ALTERNATE TOP AND BOTTOM

ARRANGEMENT OF TEMPERATURE AND
SHRINKAGE REINFORCEMENT

FIGURE 3.2-1

lorri 400
Lyerip = 400cm —» ——T— = — =33 ¢cm
Niendons 12

s eal g 5L S 5 3l ST 4 ol b

For two-way prestressed slabs, a minimum area of bounded deformed longitu-
dinal reinforcement, As ., 1s provided in accordance with ACI section 8.6.2.3,

Table 8.6.2.3.

Reinforcement is not required in positive moment areas where f;, the extreme
fiber stress in tension in the precompressed tensile zone at service loads (after

all prestress losses occurs) does not exceed 24/ fC (ACI 8.6.2.3).

X9 _ o3 [f
sz ) f c
§555 ) ) e SLOL Cosd IS OB 5505 5s S Lok S 88 oo 55 B e G

AR W N P I TP PR I W P P e PR R (V-1 PW

= +41.7 Kg
ft_ . sz
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cm?

K
0.53 /f’c = 0.53v300 = 17.32 J

JJ&:J.(L:»@)LJJM\PNM&;45&[4):)&:43@):;}.@&54“&)5)1,&»Ywlfu)'\
Sl (’*‘b‘)’; A o0 anlsl o WT selke |3l

In positive moment arecas where the computed tensile stress in the concrete at
service loads exceeds 24/ /., the minimum area of bonded reinforcement is

computed as:

N
smn = ———, where £, <60 ksi (ACI8.6.2.3)
' 0.5/,
N, Tension force in concrete due to unfactored dead load plus

live load, 1b

. Kg
60 Ksi = 4000 —
cm

fy

Stress Distribution at Midspan

K
QZC
cm

= 4+41.7 Kg T
fb_ 0 sz

f, = —74.66

>x=79cm

N, =0.5X (x) X f X lgtyip = 0.5 X 7.9 X 41.7 X 400 = 65886 Kg
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A 65886 32 cm? - use {16016} bott lab
L = —
s,min 0.5 % 4000 cm use ottom OfS a

ACI 318 Section 8.7.5.5.1 states “In positive moment areas, length of reinforcement shall be at least /3

and centered in those areas.” —
33 8 BLol asl G b e & S a5l S5 a8 plas a0 L 120D 1S il s o

Al o gll pl abols nl b s mis (b Sl (20 53 S S 4 il LSl e

¢ Las el

400 _
16 = cm

Most engineers will specify a continuous mat (grid) of bottom rebar in a flat plate.
25 gl sl 5o s Casliae J 28 Y0 5l Gas 4 wilas Sl jala s o

Determining the Ultimate Stress in Un-Bonded (Post-Tensioned) Steel

For members with a span to depth ratio greater than 35 (one & two-way slabs):

f'
fps = fse + 10,000 + 3(}0Cp (Table 20.3.2.4.1)
P

< fpy & fee + 30,000 (all in psi)

The same maximum reinforcement limits for bonded tendons apply to unbonded tendons (ACI 318

Table 21.2.2).

Kg f'c
cm? = Jos = fre + 703 +300 X pp
Kg
W — fps < fpy
Kg
W_)fps < fse + 2109
A 12 x 1
pp = Tendons — ~ 0.0016
lsm-p xd 400x (22—-3-{0.5x%x1.2})
Kg
f:s‘e = 12090m
= 12090 + 703 + 300 = 13418 Kg
fos = 300 x 0.0016 cm?
Kg
fse +2109 = 12090 + 2109 = 14199 OK

cm?
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Kg
o — 16750W 0K

Set Up Force and Strain Diagram

b _Ec=0003

Cc a C

_______ 7;-----—--#’]’[} qu €s

Ty = Arendons X fos = 12 X 13418 = 161016 Kg
Ty = Agmin X F, = 32 X 4000 = 128000 Kg
C.=T,+T, = 161016 + 128000 = 289016 Kg

C, 289016

T 085xfoxb  085x300x 400 cn
C = a 28 35
~08 o8
d—-C
& =7 X &
18 -3.5 ,
& = 335 %X 0.003 = 0.012 > 0.005 - Tension Controlled Member — ¢
=0.9
oM, = 09 x {C. % (d—g)} = 0.9 x{289016x (18—£)}x 1072
n : C 2 . 2
=43179Kg.m
¢ Cals V":A‘j} s b s b
12D+ 1.6L + 1.0PT (ACI9.2.1)
Wioear X 12 (1.2 x {2112 + 1000} + 1.6 X 800) X 82
M1 2p+1.25D+1.6L = 8 = 8
= 40115 Kg.m
W, x> 1690 x 82
p="g = 3 = 13520Kg.m

fLdd dal el S B S 5w ar s L

Mu,,, = 40115 — 13520 = 26596 Kg.m < 43179 Kg.m OK
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Integrity tendons

Minimum of 2 must pass under
“integrity” tendons, all orthogonal
1/2in. ¢ or larger, / / tendons which are
must pass over £ outside column.
column, inside column ‘x\
vertical bars, in \
both directions. ™
N
\ N
‘ r y
L L :I L 1 ]
f —
Column vertical _—T7
(longitudinal) bars f—
/
7/

Figure 26-2A Section A at Slab/Column Joint
(Cut Through Banded Tendons)
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Minimum of 2

“integrity” tendons,
1/2 in. ¢ or larger, \
must pass over

column, inside column

vertical bars, in
both directions.

Integrity tendons
must pass under
all orthogonal
tendons which are
| outside column.

Column vertical

(longitudinal) bars

7/

Figure 26-2B Section B at Slab/Column Joint

——
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(Cut Through Uniform Tendons)
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In lieu of tendons passing
through columns, integrity / /
steel can be provided by
non-prestressed bonded
reinforcement at the
bottom of the slab

" 3 oe
oo o\
\“_“—1-{_“___ I \ 4_5\]."E
- As,min = f bwdr
_ tq(typ) not less than 3,;Jabwdlfy in
Sec12.2.1 B each direction. Must be

located inside column
vertical bars.

Column vertical
(longitudinal) bars

Figure 26-2C Section at Slab/Column Joint
(Showing Application of 18.12.7)

548h
5<1800mm (60") /75LAB

I S I.,

A DISTRIBUTED TENDON

(a) MAXIMUM SPACING OF DISTRIBUTED
TENDONS

s>d, d 5 /—SLAB

| O oood e o J '{Ih

) 7
"h/ LTEHDDI‘I

REBAR
s-7d,>d
(b) MINIMUM SPACING BETWEEN
BUNDLED TENDONS
TENDON SPACING IN SLABS
FIGURE 2.3-1
(o)




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.

20.8.2.1 Critical Section for Punching Shear

The punching shear is checked on a critical section at a distance of /2 from the
face of the support (ACI 22.6.4.2). For rectangular columns and concentrated

loads, the critical area is taken as a rectangular area with the sides parallel to
the sides of the columns or the point loads (ACI 22.6.4.3). Figure 20-4 shows
the auto punching perimeters considered by SAFE for the various column
shapes. The columm location (i.e.. interior, edge, comner) and the punching
perimeter may be overwritten using the Punching Check Overwrites.

//
1
i d)2 /| d/2
] A
b T A, S ——— 0 Y __ .
Interior Column Edge Column
FTTTTN |
/,""_""‘\\ d/Z :
7 \\ |
/ |
: @-\‘{{ |
| I |
\ ; I
A I
\\\ // :
Circular Column T-Shape Column L-Shape Column

Figure 20-4 Punching Shear Perimerters

flhds el e Sl e sl Gl B 58 Calis 5 O shale sl 4 e 5 L

22
bO:2x<50—3+7>=116cm
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For reinforced concrete slabs, 77 1s permitted to increase to the maximum mod-
ified values provided in ACI Table 8.4.2.3.4 provided that the limitations on v,

and & given in ACI Table 8.4.2.3 .4 are satisfied .

Column Span Vg & Maximum modified y
Location Direction

Corner Either <0.5¢v. | =20.004 1.0

column direction

20.8.2.3 Determine Concrete Capacity

The concrete punching shear stress capacity of a two-way prestressed section 1s

taken as:

vo=(B AL #0531, )+,

: o
[, =min 35( 2

+l.5J

(ACI 22.6.5.5a, 22.6.5.5b)

(ACI 22.6.5.5a, 22.6.5.5b)

where, /3, 1s the factor used to compute v, in prestressed slab; b, 1s the perimeter
of the critical section; f,. 1s the average value of /,. in the two directions; v, 1s
the vertical component of all effective prestress stresses crossing the critical
section; and ¢ 1s a scale factor based on the location of the critical section.

——
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40 for interior columns,
o. =130 for edge columns, and (ACI22.6.5.3)

5

20 for corner columns.

The concrete capacity v. computed from ACI 22.6.5.5 1s permitted only when
the following conditions are satisfied:

* The column is farther than four times the slab thickness away from any dis-
continuous slab edges.

» The value of 4/ f « is taken no greater than 70 psi.
» In cach direction, the value of /). 1s within the range:
125 < fpe <500 psi

In thin slabs, the slope of the tendon profile 1s hard to control and special care
should be exercised in computing v,. In case of uncertainty between the design
and as-built profile, a reduced or zero value for v, should be used.

a5 5o el 5 olEe Y S bl o gl o b o Les B8 il 0 S S50 0
D g

If the preceding three conditions are not satisfied, the concrete punching shear
stress capacity of a two-way prestressed section 1s taken as the minimum of the
following three limits:

@%}zﬁ

c

vV, =min- (ACI22.6.5.2)

AT

kg 025><(2+4)/1/ !
—_— . —_—
cm? B Ie




116

Be

where the modification factor 4 for type of concrete (ACI Table 19.2.4.2) is given as

1.0 for normal-weight concrete\/
A =40.85 for sand — lightweight concrete
0.75 for all — lightweight concrete

where, /. 1s the ratio of the maximum to the minimum dimensions of the criti-
cal section, by 1s the perimeter of the critical section, and ¢ 1s a scale factor
based on the location of the critical section (ACI 22.6.5.3).

4
0.25><<2+I)><1><\/300z26

1x+v300 =17
Kg
V., = 17m
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a=20—(2x%x3)—(2x05x1.27) ~ 13 cm

Kg
W, = 0.65 x 500 = 390 —
m

_Wb><lz_(390><9)><92

= = = 273375 K
e~ 8xa 8 % 0.13 g
E, 273375 Kg Kg Kg
— = =~ 152—> {8.6— , < 18.9—}01{
A 900 x 20 cm? cm? cm?

A value of 60 to 80 percent is generally used as the self load balancing ratios.
Typically precompression levels generally range between 0.125 to 0.275 ksi.

ils S 5l 3y 50 SHBIL AR Olse (53US sls Glas D35 5 obsS @ x5 L

_ W, x1* (390 x 9) x 4.5

- =0.033m ~ 4
8 x F, 8 x 253848 mE s

ol tamle VL )y ulS sls wlas () 5 dls b 5l glas dlols Slilie il 4 am 5 L 3 5 ol &

A

3 9590 Sleti Sl (o

fumméu@ltjﬁjj\wﬂ

K
fee = 0.7 X 18600 — (0.05 X 18600) ;51,4 rerm = 12090%
Kg Kg
12090 —= = {0.65Fpu = 12090 2} OK
cm cm

L el ply B s (SA e s b B shade b 4 a5 L

fee XA =12090x 1 =12090Kg

273375 _ . F_23x1209 ___ _Kg

= = o= > = = . .

" =12090 4~ 900 x 20 cm?
Joleo B i

wa b Y b Gyl gs ol dslee OB g, (R op S 5 Wb Y el e sl e cg
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cﬁi‘
Slab-Beam Q/C01u mn Above

Kci

4
r ‘\e- le ‘\

—/

Torsional Member, Kiq
t
.

Torsional
Member, Kiq

Slab-Beam

Keb, \’<
Column Below

Figure 20-3 Equivalent Frame Members

e~ . f' -
rrrhy A mrh
Poal B
face of
—t— suppnrf"{. #
Ci [Ci
L

Slab system without beams

Section B-B
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Transverse beam Lower column

Figure 9-3.11 [sometric view of a slab-column junction

Equivalent Frame Properties
a. Column stiffness.

Column stiffness, including effects of “infinite” stiffness within the slab-column joint
(rigid connection), may be calculated by classical methods or by simplified methods
which are in close agreement. The following approximate stiffness K will give results
within five percent of “exact” values.26-1

K, = 4EI/(Z - 2h)

where £ = center-to-center column height and h = slab thickness.

. °1
[C
e
j '
Slab system
without beams
3
AE % (50 >1<250 )
Ke=—=3T0-2x20 ~/716E

For exterior columns
*K

C

(8K, =2 XK, =2X7716 E = 15432 E
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Stiffness of torsional members is calculated as follows:
C = (1 -0.63x/y) x3y/3
where x is the shorter dimension of a rectangular part and y is the longer dimension of a rectangular part.

T
R N\\NE

y)
i Sy N
C—<1 063X20>X203XS0—99733 4
= ) 20 3 = cm
OCE ...
K[ - Cs 3
fz (]—Cg!’fg)
9 %X 99733 X E
K, = o= 1182
900x(1—m)
-ZKI

(2K, =2 XK, =2X1182FE = 2365 E
Exterior equivalent column stiffness (see ACI 318R-89, R13.7.4):
/K, = 1/ZK, + 1/ZK,

1 1 1
= + -
K,, 2365 ' 15432

K,, = 2050

b. Slab-beam stiffness.

Slab stiffness, including effects of infinite stiffness within slab-column joint, can be
calculated by the following approximate expression.26-!

K, = 4EI(/, - ¢,/2)

where /7, = length of span in direction of analysis measured center-to-center of
supports and ¢; = column dimension in direction of £;.

72

——
| —



I_900><203

1 = 600000 cm*

At exterior column:

4E X 600000
K. =

= 6400 E
$ 50
450 — >
At interior column (spans 1 & 3):
4E x 600000
K, = 50 = 6400 E
450 — >
At interior column (span 2):
4E x 600000
Ks—span2 = 50 2742 E
900 — =

c. Distribution factors for analysis by moment distribution

Slab distribution factors:
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Figure 20-1 Equivalent Frames for 5-Story Building

At exterior joints

P 6400
"TAB T 6400 + 2050

At interior joints for spans | and 3

=~ 0.78

D.Fp, = 6400 0.57
""BA T 6400 + 2050 + 2742

At interior joints for span 2

D.Fp. = 2742 0.24
""BC T 6400 + 2050 + 2742

Since the nonprismatic section causes only very small effects on fixed-end moments and
carryover factors, fixed-end moments will be calculated from FEM = wL%/12 and carryover
factors will be taken as COF = 1/2.

¢ ols ("’Ab’; JdIs 31 2L es 0 HL (sl

—9 x 500 X 4.52
12

FEM, ;3 = ~ —-7600 Kg.m
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—9 x 500 x 92

FEM, = 12 ~ —30375Kg.m

7.6 76 -30.4
___ Distribution | +5.9 -13 +5.4
___COF | +6.5 -3 27
___ Distribution | 5.1 +0.2 0.1
__FIANL(Tm) 03 234 -27.8

(CJ;J\A‘}}-)\J_; oaleul JJJAM‘J\)J)\J'.M rf&lx‘)\yb Ct&) “\'.?iL“J'eJ“

26.5
185

16
[ |
- 1

- 205

55
3.9
i
[ ]
05
SDEAD ~4
1
7.9
15
[ —]
04
LIVE &7
17

47
[— |
78

A
PT FINAL 70
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(T 9000) g v 51 ¥ 3 i (S alado 30 b i J 5
Sbo GBS g
Mpisps, = 20.5 4+ 4.5+ 8.7 =33.7T.m
M, =17T.m

1.0D + 1.0PT
1.0D + 1.0L + 1.0PT (ACL 18.4.2(b))

L el el S35 S S e e

My, = 33.7—17 = 16.7T.m

M,,, P
fo = *s - "
strip
fo M P
Sstrip A
bt? 900 x 202 ;
Sstrip = 6 = 3 = 60000 cm

swbmﬁlfo;b@a,\ﬂmdual&gw&;L.@Mwldlﬂ

Poctuar = 23 X 12090 = 278070 Kg

Pactuar _ 278070
Aserip 900 X 20

= 15.45 Kg/cm?

C il el s DL S Sl

16700 x 100 Kg

)= +— oo —— 1545 ~ +12.38—_ T < 29.5 0K
16700 x 100 Kg

= — 50000 — 15.45 = _4328W C <204 0K

Serviceability Checks at Service Load

The stresses in the concrete for Class U and Class T prestressed flexural mem-
bers at service loads, and after all prestress losses occur, are checked against

the following limits:

» Extreme fiber stress in compression due

to prestress plus total load: 0.60 f(, (ACI 18.4.2(b))

0.6 X 340 = 204 -2 v
cm
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» Extreme fiber stress in tension in the precompressed tensile zone at service
loads:

— Class U two-way slabs: |, <641, (ACI245.2.1)

L9 1.6/ = 1.6V340 = 29.5-L v
cm ¢ cm
10 b o5 4T Jowo 4o

At interior face of interior column:

Moment at column face = centerline moment + V¢ /3 (see Ref. 26.2):

MD+SD+L - _4‘3.1 T.m

1.0D + 1.0PT

1.0D + 1.0L + 1.0PT (ACT 18.4.2(b))

L el s alls S 38 S5 e

Mpors = —43.14 20 = —23.1T.m

21
- @face of column - M,y = —231+—=—-16T.m

3
M., P
ft:+5ne _Z
strip
M, P
bR
strip

bt? 900 x 202 3
Sstrip = 5 = e = 60000 cm

swl;ﬁ\)}ub S Qmmdu@l&lq&jb&w\étﬁ
Poctuar = 23 X 12090 = 278070 Kg

Pocruar 278070
- = 15.45 Kg/cm?
Aseriy 900 X 20 g/em

C Al el psn DL S S5l

16000 x 100 Kg

fi=+ 60000 1545 = +11'21W T < 29.5 0K
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16000 x 100 Kg
————— = 1545 = —42.11% C <204 0K

P yle> awda> UL

fo = 60000

Slab Design

6.8.1.3.1  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):

A, i = 0.0020 b/ for f, = 40 ksi or 50 ksi (ACI7.12.2.1(a))

5,min

A, .. = 0.0018 b for f, = 60 ksi (ACI 7.12.2.1(b))

. Kg
60 Ksi = 4100 —
cm

JWhen spacing of tendons WS, additional bonded shrinkage and
temperature reinforcement (as computed above, ACI 7.12.2.1) 1s required be-
tween the tendons at slab edges, extending from the slab edge for a distance

equal to the tendon spacing (ACI 7.12.3.3)
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.
o Sl wlin) ol > 5 il sl 4 S ol retlo VYV 1 GIAS adhools 45 ) g 3 B g5 2o (ollas
Losls P CLM

j—‘k)‘fL).GJP)J&)‘LG_:LLSoj;wbmjbbw‘yuvtsu@JQ)}JM‘)L@J‘M‘&S&)M‘)J
cLAs Al ol
lstrip 900

leprin = 400cm — = =117 cm
Strip Ntendons (?

s el 5L Sy 5 sl byl a ol ol

Como 5 (> 1g) 4
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For two-way prestressed slabs, a minimum area of bounded deformed longitu-
dinal renforcement, A ., 1s provided in accordance with ACI section 8.6.2.3,
Table 8.6.2.3.

Reinforcement is not required in positive moment areas where f;, the extreme
fiber stress in tension in the precompressed tensile zone at service loads (after

all prestress losses occurs) does not exceed 24/ f, " (ACI 8.6.2.3).

Kg '_,

§555 3 ) e SOk o S B o 0 03 A et S 58S S 0 g e b
ASL JJKL:» Osls 8« L;")J.J Ll S el 5L laae 3l (Ll as

= 412.38 Kg
fb - ' sz

K
0.53 |f', = 0.53v/340 = 18.44——

cm?

d.:vv‘-iji:.a«.gjl:j.ul)}J%@J&Gwlﬁﬁ}db«;lﬁaﬁsﬁ‘_;aumi.aéj.é)(.&n\’WLL:)'\

s v.:.a\)w

S S (g 58
In negative moment areas at column supports, the minimum area of bonded
remnforcement 1n the top of slab in each direction is computed as:

A

$.min

=0.000754,, (ACI 8.6.2.3)

where A 1s the larger gross cross-sectional area of the slab-beam strip in the
two orthogonal equivalent frames intersecting a column in a two-way slab
system.

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.
Note that the requirements when £, > 60 ksi currently are not handled.
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where Acr is the larger gross cross-sectional area of the slab-beam strips in two orthogonal equivalent
frames intersecting at a column in a two-way slab.

Al o Ao sl Vo Jldde o S b slily 4 am o sl s sl Act

X 20) = 18000 cm?

, , 900 + 900
x direction — <—

A = max

_ , 900 + 450
y direction - (—

X 20) = 13500 cm?

And finally, the minimum area of top bonded rebar required in both directions 1s:

Ag min = 0.00075 x 18000 = 13.5 cm? — use 7916

ACI 318 Section 8.7.5.5.1(b) states the length requirements for the minimum bonded negative moment
rebar as one-sixth the clear span, /n, on each side of the support.

sl anls slzel e a1 Glas INJB 031060 € O gt G a5l xesl by leyT ol Ggb e b

Bonded reinforcement required by Eq. (18-8) shall be
distributed between lines that are 1.5h outside opposite
faces of the column support. At least four bars or wires
shall be provided in each direction. Spacing of bonded
reinforcement shall not exceed 12 in.

Aled 55l el o Sl Loy slepl (pl 58 50 B 58 e addold fad 53 i 0303 D3 e 2 53 052
50 + 2(1.5x 20) =110 cm

110
{m ~ 18 cm} < 30cm OK

Check Negative Moment Capacity Versus Demand Moment

-’r'"“rl?'-"‘ 2 *pkﬁbwt‘;_,,dj;s&\”o Slalas 4 dIs Gas Cud ol &y g0 o

Determining the Ultimate Stress in Un-Bonded (Post-Tensioned) Steel

For members with a span to depth ratio greater than 35 (one & two-way slabs):

f'
fps = fse + 10,000 + 3(}0Cp (Table 20.3.2.4.1)
P

< fpy & fee + 30,000 (all in psi)

The same maximum reinforcement limits for bonded tendons apply to unbonded tendons (ACI 318

Table 21.2.2).
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K !
A —f47034 T

cm? 300 X pp
Kg
W — fps < fpy
Kg
%%fps < fse + 2109
A 23 x%x1
pp = Tendons — ~ 0.0015
Lstrip Xd 900 X (20 —3 — {0.5 x 1.2})
Kg
fse = 12090@
= 12090 + 703 + = 13548 Kg
fos = 300 x 0.0015 cm?
Kg
fse +2109 = 12090 + 2109 = 14199W OK
= 16750 Kg OK
foy = cm2
Set Up Force and Strain Diasram
——————— - =—pTp ==—pTs €s
d=dp
c
th a

Ec=0.003
T, = Arengons X fos = 23 X 13548 = 311604 Kg

Ty = Agmin X F, = 14 X 4000 = 56000 Kg
C. =T, +T, = 311604 + 56000 = 367604 Kg

C, 367604
@ = 085 x . xb_ 085x340x900 ~ M
a 1.4
C=ﬁ=@z1.80m
d—C
&=~ X&
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_16.5-1.8

& = 18 x 0.003 = 0.0245 > 0.005 — Tension Controlled Member — ¢ = 0.9

a 1.4 _
oM, =09 x {C. x (d - E)} = 0.9 x {365604 x (16.5 - 7)} x 1072 = 57765 Kg.m

2.5.6 CoNcCerT OF SECONDARY MOMENTS

In a prestressed statically determinate beam, such as a single-span simply supported beam, the moment
M,, due to prestress is given by the eccentricity e of prestress multiplied by the prestress P. In prestressed
design, the moment M, = Pe is commonly referred to as the primary moment. In a simple beam or
any other statically determinate beam, no support reactions can be induced by prestressing. No matter
how much the beam is prestressed, only the internal stresses will be affected by the prestressing. The
external reactions, being determined by statics, will depend on the dead and live loads, but are not
affected by the prestress. Thus there are no secondary moments in a statically determinate beam. The
total moment in the beam due to prestress is simply equal to the primary moment M, = Pe.

The magnitude and nature of secondary moments may be illustrated by considering a two-span, con-
tinuous, prismatic beam that is not restrained by its supports but remains in contact with them. Consider
the beam is prestressed with a straight tendon with force P and eccentricity e (see Figure 2.58).

When the beam is prestressed, it bends and deflects upwards. The bending of the beam can be
such that the beam will tend to deflect itself away from B. Because the beam is restrained from
deflection at B, a vertical reaction must be exerted to the beam to hold it there. The induced reaction
produces secondary moments in the beam. These are called secondary because they are by-prod-
ucts of prestressing and do not exist in a statically determinate beam. However, the term secondary
is misleading because the moments are secondary in nature, but not necessarily in magnitude.

One of the principal reasons for determining the magnitude of secondary moments is because they
are required in the computations of ultimate flexural strength. An elastic analysis of a prestressed
beam offers no control over the failure mode or the factor of safety. To assure that prestressed
members will be designed with an adequate factor of safety against failure, ACI 318-08 like its
predecessors, requires that M, the moment due to factored service loads including secondary
moments, must not exceed 0M,, the flexural design strength of the member. The ultimate factored
moment M, is calculated by the following load combinations:

M,=12M,+ 1.6M; + 1.0M_,,

Since the factored load combination must include the effects due to secondary moments, its deter-
mination is necessary in prestress designs.
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TENDCN

(b) Tendon forces cause the beam to lift off the center support
with a detlection A upward

1*

f Ir f
Ri2 Ri/2
(c) Additional hyperstatic reactions develop at the ends due to application of the force,

R;, which is needed to prevent the beam from lifting off the support

lR‘

Ri/2 Ri/2

(d) Secondary (hyperstatic) reaction R; in a theoretical,
simply supported beam

(e) Secondary (hyperstatic) moment diagram due to R;

Figure 4-3 Secondary (hyperstatic) actions due to post-tensioning

Secondary (Hyperstatic) Moments 4-5

Msec
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20
M; = 278070 x (7 — 3) X 1075 ~ 19.5
Myy =+20T.m - M, =20—-195=05T.m
M, =12x%x(265+5.6)+1.6x11—-0.5=5562T.m <57.76 T.m OK
oM, =57.76 T.m

Allowable Punching Shear Stress

The allowable stress acting on the critical shear section is based upon the rather intricate requirements of

ACI 318 Section 22.6.5.5. For interior columns v. shall be permitted to be the lesser of:

— v,
Ve = 3.5yfc+ 03fp + ﬁ (22.6.5.5a)
a

Kg Vp

w - 0.92—\/flc + 0.3fpc +bo_d

where " £ 4,900 psi and the average of fix shall not exceed 500 psi.

o

ﬁn{“* *TTI“ \\\N\\\\\\\

shear

S
Fig. 16-9 Direct Shear and Moment Transfer
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All Four Faces

§§\G oF Participate in
Car g Resisting Shear
ey Forces

Interior Column

Properties for an interior column:
A.=[2(C; + d) + 2(C, + d)]d

(Cy + d)
Y= =

Lo 2(C, + d)3d N 2(C, + d)d?

2
& 12 17 + 2d(C, 4+ d)x¢

Direct Shear Bending Shear

85

——
| —



Direct shear I/
stress afy— c,+d

=

Eccentric shear
stress a

c,+d
Total shear a q
stress
vmmax S ¢1"H
A,
VIJ
/—h T My
T
I Y
| |
- by >
/1,
- ¢ -t c » C=C
A A
Vuz

Vut

(b) Interior Column
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_ M AyMye
Eq. (1)

v,
ul Ac ]
Vu YvMuC’
Vpy=——""— Eq. (2
u2 Ac ] q ( )

where: A = area of concrete section resisting shear transfer, equal to the perimeter b, multiplied by the

effective depth d
J = property of critical section analogous to polar moment of inertia of segments forming area A ..

cand ¢’ = distances from centroidal axis of critical section to the perimeter of the critical section in

the direction of analysis

trom the slab to the column, at the column centerlines, due to factored loads (the “unbalanced”
moments). The unbalanced moment is the difference in centerline beam end moments on either side of

the joint.

Column
Centerline

Unbalanced Moment, %—— 250"

Musb = 100" /\]S[] x

—

For edge columns (bending in either direction) and corner columns, v, is found in ACI Table 22.6.5.2
and is the smallest of:

v, = (2 + %) JFe

where [ is the ratio of long side to short side of the column.

ogd —
v, = (b + Z)x.ff,:

(4]

and

The factored shear force 1s taken from the dead and live load shear diagrams previously found. The
secondary shears are very small relative to the factored dead and live load shears, so they will be

considered negligible.

AN P

1.2(D+S0)+1.6L+Msec
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26 ‘

L

40
1.2(D+5D)+1.6L+Msec

S G055 52l a5 1) 5 sa dslons | it B Jlie U158 o o Glos Sl st 1S L b 4 a5 L )

(35 ol ly JTolg o a0 sl

9
Viftoor = {1.2 X (500 + 100) + 1.6(200)} x { } X 9 = 63180 Kg

Ew\bﬁlfvﬁkwﬁﬁlﬁﬁ\)oyﬁ)jjSL;)WJJ
Vicotumn = 1.2 X {0.52 x 3.1} x 2500 = 2325 Kg
I, = 63180 + 2325 = 65505 Kg = 66 Ton

From ACI Sections 8.4.2.3.2 & 8.4.4.2.2 the fraction of the total unbalanced moment which must be
transferred by shear stresses on the critical section is:

1
Yy =1-
—
2y |(bs)
14+(3) 52
(3)\} (b,)|

Where bi is the dimension of the critical section in the direction of the span, and bz is the dimension
perpendicular to the direction of the span. The moment transferred by shear stresses on an interior
column’s critical section is:

My = v Munp

v

b; Width of the punching critical section in the direction of
bending, in

My, = 56 — 44 =12 T.m
b,=b,=C+d=50+16.5=655cm
1
Yp=1—{—51=04

1+7%

My =y, X My, =04 %12 =48T.m
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Properties for an interior column:

(C; + d)
Xe = ——F—

2(Cy + d)3d L2 d)d?

2
c 12 12 + 2d(C; + d)xg

VA

Direct Shear Bending Shear

A, ={2 % (50 + 16.5) + 2 X (50 + 16.5)} X 16.5 = 4324 cm?

50 + 16.5
c=————=32.75cm
2
2% (50 +16.5)3 x 165 2 X (50 + 16.5) X 16.53 ,
.= 1z + T + {2 x 16.5 x (50 + 16.5) x 32.75%}

= 2396383 cm*

The maximum shear stress is found from the equation:

A MyupX
Vu=_u_i_Yv unb4c

Ac Je

_ (40 + 26) x 10? L 56 105 X 32.75 -, Ko
Vu = 4324 2396383  “Cem?

Allowable Punching Shear Stress

The allowable stress acting on the critical shear section is based upon the rather intricate requirements of
ACI 318 Section 22.6.5.5. For interior columns ve shall be permitted to be the lesser of:

———

— Y
ve = 35(Fc + 03 + 5 (2265.52)
a
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K v,
—"; - 0.92y/fc + 0.3fpc + ﬁ
0

cm
wlie b b b Do panl o8 530S s 058 4l S Bl S S B Ols e 5 bt oo

(a) No portion of the column cross section shall be
closer to a discontinuous edge than four times the
slab thickness;

(b) The value of ,/f! used in Eq. (11-34) shall not
be taken greater than 70 psi; and

(c) In each direction, f,. shall not be less than 125 psi,
nor be taken greater than 500 psi.

Vp is the shear carried through the critical transfer section by the tendons. For thin R11.11.2.2
slabs, the Vp term must be carefully evaluated, as field placing practices can have a

great effect on the profile of the tendons through the critical section. Conservatively,
this term may be taken as zero.

%}1 a prestressed slab with distributed tendons. the V), term in
Eq. (11-34) contributes only a small amount to the shear
strength; therefore, it may be conservatively taken as zero. If
V, is to be included. the tendon profile assumed in the
calculations should be noted.

el 4 § s melil cpl s 4ol nl AST a5 O 5 S8 g 4 By el
fudls el Bl 2l kel Y e s (S 4l (258 Ll Ll Y s (S i :S0Le FC
£, = FJ/A

Kg
2

Fpe = 15.45—

A b 8 s IS S (s 5 w6 a0 ;S0 I 53 a3 0 ol ) L ok sy &S s

¢l As dal
Vp =n X fg, X sin5° = 23 X 12090 X sin5° = 24235 Kg
_ : Ve 24235
P, = @ x (0.92w/f c+03fpc + b0d> =0.75 x (0.92\/340 +{03x 1545} + = — )
Kg
cm
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Kg Kg
{Uu =23 W} < {@UC = 20.4@} BAD
D 23
T = 704 ~ 1.13

Looledls Lo Blas a o )lil 5 iy oS jphailen 3,8 o 5 55 Jao b uln 1, VP Jlaie c ETABS 15l e 5wl
23 el g s esd s B G Sk s S Sl Olaebl ede Bs 4 OF Sllde oo 3 renl s
33,55 5 shte Oluabl Cgr 5 Sl

ol g el Sl sl 5 0350 BB L 5 L ablie 6l ol 4 pn b b ass e dba Sl &S slailes
.:;;5[55\;)};.»4.{JL¢51J>MJJ s oo b

oy Ol

\/InregTal Beams with Vertical Stirrups
The bent bar shear reinforcement is not expensive, but may lead to troublesome congestion of reinforcement in the
colummn-slab joint region. Shear reinforcement using vertical stirrups in integral beams avoids much of this difficulty.

The first critical section for shear design in the slab is taken at /2 from the column face, as usual, and the stirrups if
needed are extended outward from the column in four direction for the typical interior case, until the concrete alone
can carry the shear, with ¥, = 4\f. “bod (or 2Vf. ‘bed in WSD) at the second critical section.

Within the region adjacent to the column, where shear resistance is provided by a combination of concrete and steel,
the nominal shear strength ¥, must not exceed 6\7 “bod according to ACI Code (or 3V “bed in WSD). In this region,
the concrete contribution is reduced to ¥, = 2Vf; "bod (or 1.1\f; "bod in WSD).

The second critical section crosses each integral beam at a distance /2 measured outward from the last stirrup and is
located so that its perimeter by is a minimum for the typical case, defined by 45° lines between the integral beams.

Al PST el 2 58 Lol
J‘ wal" waf' &:,.:9}.19 ‘G’L” U:QJ" g;.:sj]a u':"l‘f‘ [P JYJﬁ)‘ oslaul Q)rﬂ)b .X.;..ZLv als &3s . ..L‘ 43.J‘

&;fujwthWJF&;ijgébdb)a VCZOSZ‘V‘fCXbod
1.57y/f"¢ X bod

oA Gl R
OB 03 S5 P pmen 52 4 S k5 s S el Y5 5 o el
g 4 S el L

11.11.3 — Shear reinforcement consisting of bars or
wires and single- or multiple-leg stirrups shall be
permitted in slabs and footings with d greater than or
equal to 6 in., but not less than 16 times the shear
reinforcement bar diameter. Shear reinforcement shall
be in accordance with 11.11.3.1 through 11.11.3.4.

rilen b B b sh Bl G o el Sl eslinud 4 Slre 5 el cos ACT 318 b

{ d = 15cm
d=>16d, 516 X1 =16 cm
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Given V,, Ve, and Viax, the required shear reinforcement is calculated as follows,
where, ¢, the strength reduction factor, 1s 0.75 (ACI 9.3.2.3).

A (T
L odr) (ACT114.7.1, 11.4.7.2)

s ¢f..d

" If V), > @Vmax, a failure condition 1s declared. (ACI11.11.3.2)

= If 7, exceeds the maximum permitted value of @V ., the concrete section
should be increased 1n size.

v, = {0.52\/}76 X bod}

V. = {0.52v/340} x 4324 = 41459 Kg

Vinax = 1.57+/f'c X byd = 124380 Kg

Ay _ (G —0vy)

S~ @f,sxd
V, =v, X A, = 23 X 4324 = 99452 Kg
A, 99452 —0.75x 41459 cm?

— = =1.8
S 0.75 x 3000 x 16.5 cm

¢l (""M)" Ll S=d/f2 S Sose 3

16.5
Av = 1.84 X T ~ 15 cm?
where A, is total area of shear reinforcement required on the four sides of the
column (see Fig. 16-5).

&@ﬁdﬁ\ﬁbc(@lﬁsopéu)ul{d»oj:wuwiLg\ﬁc;yblL}SamTw.»«.gQ}al}J}éy&k
f@‘bmﬁ‘)}{)j@w

S@\;ﬁ\f(@@yl}ﬁ;b\@éu\“) 3y A 0w el Vsl eslaad 5 8 L

4 X Av(per side)

15 X
Av(perside) = T ~ 3.75cm* > d, =

T X legs
4 x 3.75
dy, = |———=1.09 = 10mm
T X4
[ 92



Determine distance from sides of column where stirrups may be terminated (see Fig. 16-5).

V, £ oV

u C
< 920l bod
For square column (see sketch below),

S alie 3y e h e 2l 3 Bl 2l 4 o oS b wlsl LT B aol L gl Sl e

Kg ;
w%VuS@{O.SZ ’fCXbod}

For square column (see sketch below),

by = 4 X (cl+ﬁa) =4x(50+ﬁa) =200 + 4+/2a
0.75 x {0.52v340 x (4 X 50 + 4y/2a) x 16,5} = 99452 5 a ~ 113 em

. 113 - 3% 165
S 8.75

ng =

2d
I -
| I 'y Ny
~ s
N . (Tyg} % y
N S e d/2
N /7 L J
A= —14
a Section A-A
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Cntlca(ljsecltlon 4 v Critical section 1T Critical section
it S U AR g e outside slab shear B B outside slab shear
through slab shear , Y : » ?
iof 7 . reinforcement . reinforcement
reinforcement A S
A Y
N dn2 dr2 Ny, dr2
N X — "‘I N % _I
N gt -l N
\ ; \
T T
13 ]:Zd ' Y
J 1 J
Vi L el I
’ \ ’
, - .- -
’ Critical section
s/2 ¢
7 a . around column and
A Y
through slab shear
Plan N ? (Smax=0d/2 Plan &
Plan NS i (Smax ) == 37 reinforcement
L e —f -
A a = _\h_ =
/‘>6db
45 deg max (a) single-leg stirrup or bar
7
Seef. 1.3
=12d),

|-'L_Sea 7.1.3 See Tr“.1,3§-!

(b) multiple-leg stirrup or bar

e J/

e

’

(c) closed stirrups

Fig. R11.11.3(a)-(c): Single- or multiple-leg stirrup-type
slab shear reinforcement.
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Shearheads: Shearheads are fabricated from structural steel sections that project from the column

into the slab along principal framing directions. Shearheads are seldom used in modern
construction. See AC1 318 for additional details.

Shear studs: Headed shear stud reinforcement, placed perpendicular to the plane of the slab, is
widely used in modern construction. Shear studs are usually prefabricated as a stud rail, where a
number of studs are attached to a single plate, anchoring one end of the stud, while the opposite
end 1s anchored with individual anchorage plates attached to the studs (Figure 10.16). Effective
anchorage is provided by a head with an area equal to 10 times the cross-sectional area of the
stud (Dilger and Ghali, 1981; Megally and Ghali, 1994). The overall height of the shear stud
assembly should not be less than the thickness of the slab minus the sum of (1) the concrete cover
on the top flexural reinforcement; (2) the concrete cover on the base rail; and (3) one-half the bar
diameter of the flexural tension reinforcement.

Shear Studs at Interior Column
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Critical section Critical section

around column and outside slab shear
through slab shear = = = - | reinforcement
reinforcement —=R
NN N
r ’/' d/2 \‘\\ ~ d/2 .\. » .
.-’ 7" —— - J (e oo s/l
-—l-cr,tn:n:c‘fm 1 R Iy
<2d| 1! Ly |

— A 7 Slab [
7 edge —

A Shear
~H—— ¢ (Spax=4d/2) tical
A,=cross-sectional N - — 7 crltlFa
areaof studsona — sections
peripheral line Exterior connection plan
Interior connection plan
: Slab
edges
Studs with 4 N ! Y
uds wi ;
base rail :: m] : Jr
N 1 by
HIT 11 e )
| - —-— RV
g
{ = Shear
SectionAA [ T0=7 critical
14— sections

Corner connection Q'Ell"l

FIGURE 10.16 Typical arrangements of headed shear stud reinforcement and critical sections. {4fter ACI 318, 2014, and ACI
352.1, 2011, courtesy of American Concrete Institute.)

R3.5.5 — The configuration of the studs for headed shear
stud reinforcement differs from the configuration of the
headed-type shear studs prescribed in Section 7 of AWS
DI1.1 and referenced for use in Appendix D of this Code
(Fig. R3.5.5). Ratios of the head to shank cross-sectional
areas of the AWS DI1.1 studs range from about 2.5 to 4. In
contrast, ASTM A1044 requires the area of the head of
headed shear reinforcement studs to be at least 10 times the
area of the shank. Thus, according to 3.5.5.1, the AWS DI.1
headed studs are not suitable for use as headed shear stud
reinforcement. The base rail, where provided, anchors one
end of the studs; ASTM A 1044 specifies material width and
thickness of the base rail that are sufficient to provide the
required anchorage without yielding for stud shank diameters
of 0.375, 0.500, 0.625, and 0.750 in. In ASTM A1044, the
minimum specified yield strength of headed shear studs is

51.000 psi. g

. Kg
51000 psi = 3500 —
cm
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(V2.5 to 2) x (shank diameter)

=10 x (shank diameter)

/)
ZShank diameter Z Shank diameter
Headed shear stud Headed shear studs
reinforcement per AWS D1.1

Fig. R3.5.5—Configurations of stud heads.

6.8.3.1 Determine Concrete Shear Capacity

The concrete punching shear stress capacity of a two-way prestressed section
with punching shear remforcement is as previously determined, but limited to:

v. < @34/ f", for shear studs (ACI11.11.5.1)

G G e Oluebl Cgx s ol s 5 ACH 318 o=, iles Dirk Bondy skl obs 51 5 o
e b AeS Bl 1y g b el oS At Slse b Ol 4 bkl bl LAl 5 0

Determine the Maximum Capacity_of the Reinforced Section if Shear Studs are
Used

According to ACI 318 Sections 22.6.6.1 & 22.6.6.2, v, and vy shall not exceed 34/f . and 8,/f',
respectively. However, most ICC ESR reports for headed shear stud reinforcing limit these values to

1.5\/f'_C and 6.5\/f'_c._ respectively. Theretore, this book will limit the total capacity, va, to 6.5\/f'_fto be
consistent with the ICC ESR reports.

HEGIRAR V.:A\}}AC| 318 b 5 aw

Kg ;
W_)[/CSO-S ’fCXbod

2.1 /f'c X bod = 2.1V/340 x 4324 = 167434 Kg > (V, = 99452 Kg) OK

Determine shear strength provided by concrete
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V. =0.8 /f’c X byd = 0.8V340 x 4324 = 63784 Kg

Design shear reinforcement in accordance with 11.4
¢Vs - Vu B (I)Vc

. .

b&)é‘mw

Desion Shear Stud Reinforcing

Determine Number of Rails Required

ACI 318 Section 8.7.7.1.2 mandates that the maximum spacing of rails not exceed 2d.

Since the width of the rails will be 1.25 in., the minimum number of rails required on the COL face is
determined by: E—

(C, — {1.25 x 2.54})
nRail = - Zd + 1
(50 — {1.25 x 2.54})

NRail = > X 165 + 1 = 2.4 - use 3 Rails on each side

s al Sl e VY st s £ Sl e 3l

Hy RS9 9 B Gl 310 s
il 0.75d L C“,Jf Sl Aol iSla-

Av _ (Vu - (DVC)

S Ofy xd
V, =v, XA, =23 X 4324 = 99452 Kg

(075 x 16.5) x (99452 — 0.75 x 63784)
v (0.75 x 3500 X 16.5)

f@bm.a\}ﬁ-ﬂgfa\' Jlaél{éﬁ/\)‘\osu.:mlc))jﬁp);
A, = Ny X Agpyg = 8 X 0.78 = 6.24 < 10.4 BAD
couls ﬁ\?ﬂdtf\v/ojul{@dfw oslaal O sem o

= 14.74 cm?
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Ay = Ngpyg X Agpug = 12 X 1.266 = 15.9 > 14.74 0K

.sj..ijljéﬂﬁ)‘llm_baxs.a)&glédléfd@QQL&@&J\MW

V, < @{0.52\/}76 X bod}

For square column (see sketch below),

bo = 4% (C1 ++/2a) = 4 x (50 +v2a) = 200 + 44/2a

0.75 x {0.52 340 x (200 + 4ﬁa) X 16.5} — 99452 » g ~ 113 cm

3d 3 x16.5
R N S
ng = +1= + 1 = 8.8 — use 9 studs per Rail
S 0.75 x 16

.m;sdaebl.m(bu.dw)‘}osﬁwtﬁ&)ﬁéj)ﬁ@mg\\‘ J‘Mw\f@

QOutermost - -
peripheral line of
reinfc:rcsment\‘i’

1____#
|
o

Shear critical
section

a (Required) >

— o e e =

- . {(Provided)»
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Figure 18-2 Drop Panel Details (13.2.5)
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Figure 18-11 Critical Shear-Transfer Sections for Flat Slabs
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Column-Supported Slabs: Flat Plates and Flat Slabs

Concrete slabs are often carried directly by columns without the use of beams or girders.

Such slabs are described as Flat Plates [Fig. 2.1(a)]
and are commonly used where spans are not large
and not particularly heavy.

A very similar construction Flar Siab [Fig. 2.1(b)]
is also beamless but incorporates a thickened slab
region in the vicinity of columns (called Drop
Panels) and often employs flared up column tops
(Column Capitals). Both are devices to reduce
stresses due to shear and negative bending around
the columns.

Fig. 2.1: Typical flat slab structural forms (a) Flat Plate, (b) Flat Slab with Drop Panel and Column Capital [Nilson]

s e Ol 1y asS hls JIs S s glas Job fbs s s SO

L B A N 1 T T S

FIGURE S7-5 ELEVATION OF A TYPICAL BANDED TENDON
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Analysis for wide-beam action considers the slab to act as a wide beam spanning between columns. The critical
section extends in a plane across the entire width of the slab and is taken at a distance d from the face of the
support (11.11.1.1); see Fig. 16-1. In this case, the provisions of 11.1 through 11.4, must be satisfied. Except for
long, narrow slabs, this type of shear is seldom a critical factor in design, as the shear force is usually well below
the shear capacity of the concrete. However, it must be checked to ensure that shear strength is not exceeded.

Tributary Area

| q panels

d o -
Fig. 16-1 Tributary Area and Critical Section for Wide-Beam Shear

lz = bW
a. Wide-Beam Action Shear.

Investigation of wide-beam action shear strength is made at the critical section 11.1.3.1
at a distance d from face of column support.

V., = 2A[f/byd
0 =0.75

A =1 (normal weight concrete)

J Wide-beam action will rarely control the shear strength of two-way slab systems.

ol oS s YL e LB S s L S i Sl phaie 5 ke oS s 2

sl

@ xV,=0.75%x0.52v340 x 900 x 16.5 = 106790 Kg > 36000 Kg OK
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r[i" Property/Stiffness Modification Factors |i|1
Property/Stiffness Modifiers for Analysis
Membrane 11 Direction 1
Membrane f22 Direction 1
Membrane f12 Direction 1
Bending m11 Direction 0.5
Bending m22 Direction 0.5
Bending m12 Direction 0.5
Shear v13 Direction 1
Shear v23 Direction 1
Mass 1
Weight 1
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TABLE 2.5
Minimum Thickness of Slabs Without Interior Beams
Without Drop Panels? V With Drop Panels?
Exterior Panels Exterior Panels
Yield Strength, Without With Edge  Interior Without With Edge  Interior
f,, psi® Edge Beams Beams¢ Panels  Edge Beams Beams¢ Panels
{ / { l l l
33 36 36 36 40 40
V60000 S ~ - . . -
' 30 33 33 33 36 36
— 3 Bk b ook
28 31 31 31 34 34

Source: ACI 318-08, Table 9.5¢.

* Drop panel is defined in 13.3.7.1 and 13.3.7.2.

b For values of reinforcement yield strength between the values given in the table, minimum thickness
shall be determined by linear interpolation.

Slabs with beams between columns along exterior edges. The value of o for the edge beam shall not be
less than ().8.

oS ot S0 Sl 4 Job Cund yS10>

TABLE 2.6
Approximate Span Depth Ratios for Posttensioned Systems
Floor System Simple Spans  Continuous Spans  Cantilever Spans
One-way solid slabs 48-48 42-50 14-16

{ Two-way flat slabs 36-45 40-48 1315 ¥
Wide band beams 26-30 30-35 10-12
One-way joists 20-28 24-30 8-10
Beams 18-22 20-25 7-8
Girders 14-20 16-24 5-8

Note: The values are intended as a preliminary guide for the design of building
floors subjected to a uniformly distributed superimposed live load of
50-100psf (2394-4788 Pa). For the final design, it is necessary to investi-
gate for possible effects of camber, deflections, vibrations, and damping.
The designer should verify that adequate clearance exists for proper place-
ment of posttensioning anchors.
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Deflection Check

Post-tensioning, when designed correctly, effectively eliminates significant deflections. This is

particularly true when the service stresses are kept below the cracking modulus of concrete of ?.5\/ch
since the gross moment of inertia, Ig, is used at all locations. Never once in the millions of square feet
that have been designed by Seneca Structural Engineering. Inc. has a single beam, one-way slab or two-
way slab been controlled by deflections. This is why we have given deflections very little attention in
this book.

°*fi5w6@‘>jf;d;5q%&w|)wjﬂ.@\ "y s

7.5 Deflection Check
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¢ Long-term Deflection
Multiplier factor assumed for effects of creep and
shrinkage on long-term deflection = 2%°

j:-"‘UUTJiJ"J“:"'6'7}°>}“""’Wl""’J"’YL’)L)°"b)‘°"j°6Lajbﬁwwu|f‘)ﬂ>w‘ftsw‘flﬁ
Al OF Sl oS tln (235 5 Sl g b o b @315 53 S €y b pd wslinl 5 sl 51 e i
RO PRRPTEI R B

%* For visual impact use total deflection

» Span/240
» Use camber, if necessary

** Total deflection subsequent to installation of
members that are likely to be damaged

» Span/360

“* Immediate deflection due to live load
»Span/480

+* Long-term deflection magnifier 2. This brings
the total long-term deflection to 3,

.;:ﬁy;;@L/BﬁOng@jl@u O udd G i Jles phe 5o )3

L
D+ l/)L + PT — {Along term™— (1 + C) X Alinear} < m

LIVE — AlinearS m

el s 4 S L5 53 Ao s ¥ e S adS (6l LLa Sl s L a5 ACH IBC sl bl
S 03 250 0 Ao s &S 03 Dslie g o w\Jéﬁ)SQQ}SK{EC sylibiad bl 5 a5
23 8 gl n dsder 3hedis sb by e o 5 Dbl

TABLE 4.10.1-1 Fractions of Design Live Load to
be Considered as “Sustained; Quasi-Permanent.”31 (T113)

Occupancy Fraction of design live load
'
Dwellings and offices 0.3
Shopping; congested areas 0.6
Storage 0.8
Parking 0.6

ACI .]G..wj.:cv\»::WJ;'QLQJMJ‘}LWQL&)Q)}J‘)J}J}W&LA)L{JS‘C&JGJ)‘JL;GOJLZ‘J&)ULG
350 Al 450 0diS e 0ol e slels L bl s 5t s WL 318
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Deflection does not generally govern the design for
members dimensioned within the limits of the rec-
ommended values in ACI 318 and balanced within
the recommended range, and when subject to load-
ing common in building construction. For such cases,
deflections are practically always within the permis-
sible code values.

/,

9.5.4.1 — For flexural members designed in accor-
dance with provisions of Chapter 18, immediate
deflection shall be computed by usual methods or
formulas for elastic deflections, and the moment of
inertia of the gross concrete section, Iy, shall be
permitted to be used for Class U flexural members, as
defined in 18.3.3.

9.5.42 — For Class C and Class T flexural
members, as defined in 18.3.3, deflection calculations
shall be based on a cracked transformed section
analysis. It shall be permitted to base computations on
a bilinear moment-deflection relationship, or an effective
moment of inertia, /,, as defined by Eq. (9-8).

9.5.4.3 — Additional long-term deflection of
prestressed concrete members shall be computed
taking into account stresses in concrete and steel
under sustained load and including effects of creep
and shrinkage of concrete and relaxation of steel.
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Max = 0.5679 at [300, -25, 620); Min = -1.0734 at [900, 1300, 620]

900
D+ 0.3L + PT - {Aong term= (1 +2) X 1.073} = 3.22 cm < {% =3.75 cm} 0K

1
H

Mz = 00246 at [350, -25, 620; Min = -0.6637 at [300, 430, 620]

900
LIVE = Ajjpeqr= 0.66 cm < {ﬁ = 1.875 cm} 0K
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ol J
Design of Post-Tensioned
Slabs for Vibrations

What are the causes of vibration ?

<+ Most common cause is “foot drop” (heel drop)
occupants;
*+ Dynamic impact from rolling object.

What are the allowable limits of vibration?

<+ Perception of vibration depends on:
~ Frequency (cycles per second, Hz); and
~ Peak acceleration (expressed as percentage of
gravitational acceleration %g)

++» Consensus is that humans are most sensitive to
vibration for frequencies between 4 to 8 Hz.

*+ Higher accelerations can be tolerated at higher
or lower frequencies.
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What are the allowable limits of vibration?
J Frequency (Hz); and
J Peak acceleration

Tt
1.50

1.00 /
E Office, residence,
- /’assemhly hall
< ~| |/
S o050 Z
® /
-
o
0.25
< /
X /
[14] Operating
E?f rooms
1 2 4 8 12 20
Frequency (Hz)

Threshold of Human Sensitivity to Vertical Vibration
(ATC)

ATC = Applied Technology Council

110

——
| —



How to evaluate the vibration acceptability of a
floor?

6 steps for complete evaluation

Step 1 - Determine natural frequencies (Hz)
Step 2 — Select exciting force of vibration

Step 3 - Select floor type

Step 4 — Calculate the weight of vibrating panel
Step 5 — Calculate peak acceleration

Step 6 - Evaluate the floor

Step 1 - Determine natural frequencies (Hz)

+* Use Finite Element Method with plate elements, or
empirical formulas

*+* For specific areas, such as a lab or operating room,
determine the “dominant” frequencies of the
location of interest.
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Step 2 - Select exciting force of vibration

++ Use the following graph to determine the exciting
force 0125

1.0

0.8 o

0.6 /

/]

/
/

0.2 /

/

0 1.0 2.0 3.0

Dynamic Load Factor (DLF)

Frequency Hz

Dynamic Load Factor for First Harmonic of
Walking Force

Exciting force = DLF * (Weight of Person)
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Step 3 - Select floor type

+»* Refer to the table to select damping factor (B);
in most cases 0.03 applies

+* The recommended values vary from 2-3% for bare
concrete floors to 5-8% for furnished rooms with
partitions extending full height.

RECOMMENDED DAMPING
FACTORS FOR VARIOUS OCCUPANCIES

Occupancy Dampinﬁg factor
Bare concrete floor 0.02
Furnished, low partition 0.03
Furnished, full height partition 0.05
Shopping malls 0.02
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Step 4 —Calculate weight of target panel (W)
“*Include superimposed load that follows the vibration
(stones; tiles)

Step 5 — Calculate Peak Acceleration (a,/9)
<+Use an empirical relationship, such as the one below for
footfall

3 P[] e—U.35fn

_P < (1)

g BW

a, = peak acceleration;
d = gravitational acceleration [32.2 ft/sec?; 9.81 m/sec? |;

F’D = constant force representing the walking force (from
Step 2 and weight of walking person);

B = modal damping ratio, from previous table

W = effective weight of the panel and the superimposed

load: and
fr1 = first natural frequency (Hz).
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Step 6 — Evaluate the floor
<+ Use natural frequency from Step 1; and

<+ Peak ground acceleration (a,/g) from Step 5; and
<+ Chart below from ATC to determine acceptability

TRi_i

1.50

1.00

E Office, residence,

. /assembly hall
S \i

S o050 Z
© /

-
@

3! \
E 0.25 E
o /
4] Operating
E? rooms
1 2 4 8 12 20
Frequency (Hz)

Threshold of Human Sensitivity to Vertical
Vibration (ATC)

Numerical Example

Given
++ Concrete floor system
<+ Slab thickness
<+ Superimposed DL
%+ Concrete fc
++ Modulus of Elasticity 1.2 Ec

E = dynamic modulus of elasticity [1.25 static E
in psi; MPa];
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Max = 0.0468 at [350, -25, 620%; Min =-1.3047 at [300, 450, 620]
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~5Hz

18 18
2V, Aself Weight>mm B v10 X 1.3 -
Step 2 - Select exciting force of vibration

“+* Weight of person 150 Ib (667 N)
“* Walking speed: 2 steps per second
“* From the chart:

(f)Hz = (

DLF =0.53
Po=0.53*"150=79.51b (354 N)
TNO_135

1.0
~ 08 "
= /
g 0.6 /
e
B
3 0.4
: 7
g /
- /

/
0
0 1.0 2.0 3.0

Frequency Hz

Dynamic Load Factor for First Harmonic of
Walking Force

el (Sealys o b S e sl ) S5 e bl b oS LT U 0 bt S bzl b el s e

r':'syga':"-:‘)>j90")<")-§)‘@:’bL&L?.J)L’C)M“-ﬁ;ﬁkﬁ.“‘-’j"“\‘:‘
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Step 3 - Select floor type

Office furnished; low partitions

From below select (B) - From table
Occupancy Damp|r;3g factor

Bare concrete floor

0.02

0.05,/

Shopping malls 0.02

Furnished, full height partition

S o SRSl A0k 6 s Sleds (6l (SLlS Lomb s xS L L oy e g e s
Step 4 —Calculate weight of target panel (W)

<+ Dimensions of panel as shown below
<+ Mortar, stone, firmly attached to floor 20 psf (1 kN/m2)
%+ Concrete weight: 150 pcf; (25 kN/m3)

The total weight of the panel W is :

S r e L sy 50 Bles e 5L IS poler Al o

W =(9x9)x(500+100) = 48600 Kg ~ 486 KN
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Step 5 — Calculate Peak Acceleration (a,/g)

< Use an empirical relationship, such as the one below for
footfall

a PO e—0.35fn

B &

g pW
ap = peak acceleration;
g = gravitational acceleration [32.2 ft/sec?; 9.81 m/sec? |;
P, (step2)
B = damping ratio (step 3)
W  (step 4)
fy

= first natural frequency (Hz) (step 1)

a, 0354 x 2.72(-035%5)
ST 00Sxasg - 00025 =025%

Peak ground acceleration ( a,) is calculated to be
0.25 % of gravitational acceleration (g)
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Step 6 — Evaluate the floor

< Use natural frequency from Step 1; and

<+ Peak ground acceleration (a,/g) from Step 5; and
<+ Chart below from ATC to determine acceptability

ING_12

1.50

1.00 /
a \ Office, residence,
% \éassembly hall
S
S 050 /
© /
<@
3 \
8 o025
< i
X
© Operating ﬁ
&’ rooms
1 2 4 8 12 20
Frequency (Hz)

Threshold of Human Sensitivity to Vertical
Vibration (ATC)

The target panel is acceptable for office and residential
occupancies, but not for hospital operating room
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DETERMINATION OF NATURAL
FREQUENCIES

Shape of first Natural Frequency Mode

+* The first mode of vibration is affine to that of a
single panel simply supported plate. The shape is
not analogous to the deflected profile under
selfweight

TwNo_122

A~ —A T — F
(a) Simple support (b) Fixed

(c) Continuous spans

| p——— ———

(d) Deflection self weight

First Mode Shapes and Deflection of
Simple and Continuous Spans
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The parameters for the Table are:

c
f_C
aZ(P

_ | En’ .9
12(1- 1)2) q
f =first natural frequency [Hz];
a = span length in X-direction;
E = dynamic modulus of elasticity [1.25 static E
in psi; MPa];

h = slab thickness [in; mm];
v = Poisson’s ratio [0.2];
g = gravitational acceleration [32.2 ft/sec? ; 9810

mm/sec?]; and
g = weight per unit surface area of the slab.

Where

FIRST NATURAL FREQUENCY CONSTANT @

Boundary
Case Conditions Constant ¢
1 Ib _ 2
a ¢ =1.57(1+y?)

— rigidly supported, rotationally free
a span length in x-direction
b spanllength in y-direction

\E _EN’ g
I q
o=1. 57(1+v

f, =(c/ aZ2)d (frequency of first mode)

122

——
| —



Eq = 29,000 MPa
= 4287 ksi , using ACI-318

Assume E,, =12E; =1.2"E,

@ =157(1+12) = 3.14

= 1.94 x 108 mm?/sec

1.2 x 29000 x 2003 9810
X
12(1 — 0.22) 6 x 1073

5000 + 1000 N
q = =

10¢ mm?
—Cx —1'94X108><314—755H
In =2 %9 ="gqp02 X 3A=T55Hz

fdls el (oS 05, e ) e S8 STl b

a, 0.354 x 2.72(-0.35x7.55)
9 oosxase o0t =OM%
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15.3 Diaphragm Components

Different parts of a diaphragm include the diaphragm slab, chords, collectors (also known as drag
struts or distributors), and connections to the vertical elements. These different parts can be identified
by considering the load path in a simple diaphragm.

Figure 15.3 1llustrates a simplified model of how a diaphragm resists in-plane loads. (See
Section 15.5.2 for additional diaphragm models.) In this illustration, a solid rectangular diaphragm
spans between two end walls and resists uniformly distributed in-plane lateral loading. We can
idealize the diaphragm as a simply supported beam spanning between two supports, with reactions
and shear and moment diagrams as shown (Figure 15.35). Bending moment M,, can be resisted by a
tension (7),) and compression (C,) couple (Figure 15.3¢). The components at the diaphragm boundary
acting in tension and compression are known as the fension chord and the compression chord,
respectively.

ARERRRRRRRRRRRRRNNRY.

ZCompressicm chord

f

f
§,Wall E ! 1..,
Diaphragm—}‘ 1 ’

f

f

=

=

Vv,
Tension chord Ty =

0 =
i
0

{a) Plan (c) Internal moment and

shear resistance
RERRRRERRRRRRNNRRRRY!
A OB

% e
—,

MU

(b) Beam idealization
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If the diaphragm moment is resisted by tension and compression chords at the boundaries of the
diaphragm as shown inFigure 1534, then equilibrium requires that the diaphragm shear be
distributed uniformly along the depth of the diaphragm as shown in Figure 15.3¢. If the shear is
uniformly distributed, tension and compression elements called collectors are required to “collect”
this shear and transmit it to the walls. A collector can transmit all of its forces into the ends of the
walls as shown on the right side of Figure 15.4a, or the collector can be spread into the adjacent slab
as shown on the left side of Figure 15.4a. Section 15.5.3 discusses the effective width of a collector
spread into a slab.

Figure 15.45 illustrates how the collector tension and compression forces are determined.
Starting at a free end, the tension or compression force increases linearly as shear is transferred
uniformly into the collector. If it is assumed that the collector force is transferred to the wall
uniformly along its length, then the collector force variation is as shown along be.

ARRRRRRRRNRRRRRNNNRE

[ L] a ME
j 1 beff Vu l
L || R
‘f\;‘ /1\450 :’E b l :JS b Cu,max
‘:,\’,//‘ | :\ :N
i W, Y
N IR
Pl | Coll Collector i € l" c _Tu,max
~ ‘ a e(;tor same width ‘ l

:sprea as wall 1] l ‘

into slab H d 111 d

(a) Plan (b) Collector actions

FIGURE 15.4 Collectors.
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Bearing Wall Systems

Section 11.2 defines bearing wall systems (under the definition for “wall™)
as systems in which bearing walls support all or major parts of the vertical
load. Presumably, a major portion would be more than 50% of the total
vertical load. Bearing walls are defined as (1) a “metal or wood stud wall
that supports more than 100Ib/linear ft of vertical load in addition to its
own weight,” or (2} a “concrete or masonry wall that supports more than
2001b/linear ft of vertical load in addition to its own weight.” Given this
definition, the likelihood is that most structural walls would be classified as
bearing walls.

Consider the system shown in Fig. G7-2. This system, one story high,
has precast concrete walls around the perimeter. The roof framing consists
of steel interior tube columns and steel beams and joists. There are also steel
columns between the walls on the east and west faces of the building, and
these columns support the steel beams. The walls on the north and south
side of the building, designated by “B,” are clearly bearing walls. The walls
on the east and west faces would be classified as bearing walls if the loading
delivered into these walls by the roof deck were to exceed 200 Ib/linear ft.
For the purpose of this example, the tributary loading is assumed to be less
than 2001b/linear ft, and these walls are not designated as bearing walls.

Fig. G7-2 B B B B
Concrete shear wall ' ' '
system, scheme 1: not
a bearing wall system N N
= ] (] (=] ]
N M
[ 0 0 (] =
M M
1 1 1
North B B B &
T B=Bearing Wall N = Monbearing wall
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In Fig. G7-3, the system is changed such that there is only one line of
columns in the interior and the center walls on the east and west side of the
building support reactions from the steel girder. Hence, these walls become
bearing walls. The shaded region, representing the tributary vertical load
carried by the columns, is slightly more than 50% of the total area, so the
system would still be classified as a building frame system.

If the steel columns were removed in their entirety and the joists
spanned the full width of the building, as shown in Fig. G7-4, the building
would be classified as a bearing wall system for loads acting in the east—west

Fig. G7-3 B B B B
Concrete shear wall
system, scheme 2: not
a bearing wall system N :
B lil ] 0 B
N M
1 1
North B B B B
T B=Bearing Wall N = Nonbearing wall
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ASCE 7 Section 12.8.4.2 discusses the requirements of a 5% dimensional shift of the center of mass (the
“accidental torsion”) i either direction perpendicular to the seismic loading. While this requirement
applies to the design of the vertical seismic system, it does not and cannot apply to the individual
diaphragm designs. In order to properly determne the shears and bending moments i the diaphragm the
applied resultant load and location must coincide with the distributed loads that are applied to the
diaphragm. If they do not agree, statics will not be satisfied and the diaphragm shears and bending
moments will not close properly.
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Determine Direct Forces

The direct force, Fp 1s determined strictly by the rigidity of the walls (or frames) in the direction of
loading assuming no rotation of the diaphragm. The nigidity of the perpendicular lateral system 1s not
included in the calculation of direct forces.

R;

FDi:ﬁ

(Fp)
P M\;}ﬁ\ﬁujﬁ;mi:wuiﬁwgw\ @Ua%&;\m\ﬁéu)lﬁz@aﬁﬁ\y@jl{

73
FD1:FD2:7:36.5TON
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Determine the Rotational Forces

The force i any wall due to the torsional moment (pure rotation of the diaphragm) includes all of the
walls in the system and is found from:

F M Rid;
Ri — t Z R1d12
Where:
M; = Torsional moment
= Fp(Xcr - Xco)
Ri = Rigidity of wall 1"
di = Perpendicular distance between the center of rigidity and wall “1”

M, =73%x(9—-8.22)=57T.m

( ]
l1371



v |1 9 9 81 |57]25
vy 13375] 2 | 675 | 135 |57 2

2 | 675 | 135 |57 2
189

s | 3.375

C‘*—?

Final Total Forces on Diaphragm

F, = =365+ 2.5 = =34 TON
F, = —36.5—2.5 = —39 TON
F,=0—2=—-2TON
F,=0-2=—-2TON

[

3 /18 =405 T/m

39

—
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-~ 8.34

34

188 TON.m

/}’r 142 TON.m \

21.11.7 — Reinforcement

21.11.7.1 — The minimum reinforcement ratio for
structural diaphragms shall be in conformance with
7.12. Except for post-tensioned slabs, reinforcement
spacing each way in floor or roof systems shall not
exceed 18 in. Where welded wire reinforcement is
USed as the distributed reinforcement to resist shear in
topping slabs placed over precast floor and roof
elements, the wires parallel to the span of the precast
elements shall be spaced not less than 10 in. on
center. Reinforcement provided for shear strength
shall be continuous and shall be distributed uniformly
across the shear plane.

If this were a non-prestressed diaphragm we would now determine the concrete shear capacity and
determine whether or not we needed collector (drag) reinforcement to each N/S wall. Then we would
determine the chord forces and supplement the diaphragm with non-prestressed chord reinforcement.

However, because this 1s a prestressed concrete diaphragm the approach is different. ACI 318 Section
12.5.1.4 states that “Precompression from unbonded tendons shall be permutted to resist diaphragm
design forces...” We must first deterimne the useable precompression force available for resisting
earthquake effects.
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21.11.7.2 — Bonded tendons used as reinforcement
to resist collector forces or diaphragm shear or flexural
tension shall be proportioned such that the stress due
to design earthquake forces does not exceed 60,000 psi.
Precompression from unbonded tendons shall be
permitted to resist diaphragm design forces if a

seismic load path is provided. —

Collector/Drag Design

RRRRRRRRRRRRRRRNRRE.

j—| -

JHNN I°
] besy

5 L A
N\ 45° y°
\\.\l / ‘ :\
I‘\&' | \l\l
v:\'l x|
e | | | Collector A c
(1| | [>=—Collector 13

| ‘ ‘ spread as wall Il

t into slab Tl 4

(a) Plan

FIGURE 15.4 Collectors.

Determine the Diaphragm Shear Capacity

In this example we will assume a diaphragm 28 day concrete compressive strength

HVa> Vo
(I)Vn = ¢'Vc + (I)VS

® =0.75

According to ACI 318 the shear strength of concrete in diaphragms is (2)/f'cAcy.

/,

where, A, is the net area of the concrete section bounded by the slab thickness and length of the wall,
¢ 1s the ratio of the width to length of the diaphragm segments, which in this case is equal to effective
slab width to the length of the wall, and p, is the ratio of distributed shear reinforcement perpendicular
to the wall.

‘/Special attention must be given to A, when the vertical seismic force-resisting member is not
continuously connected to the diaphragm. For example, for an exterior wall that is 25 ft long, but is
located adjacent to a 10 ft wide stair opening, then the length used in calculating the shear area is 15

ft.
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where, n is the number of sides that slab exists adjacent to the collector.

Kg -
WﬁOSZ fCXACU

(Acv = tsiap X {Lwall}> cm?

V. = (0.52v/340 x 18 x 200) x 1073 ~ 35 TON

ASCE 7 Section 12.10.2.1 requires that collectors be designed with the overstrength, Q.. requirement of
Section 12.4.3.2, which 1s 2.5 for building frame systems with special reinforced concrete shearwalls.

Feottector = 29 X {Vu - QH/C}
Feottector = 2.5 X (39 —0.75 x 35) ~ 13 TON

A _ l:Collector
strea’d) = 4 (60ksi)

®=0.75
13000

— _ 2
s = 075 x 2000 4.33 cm* - use 3014

o b alie 015 ol @ o T a0y 45 S Iy slisel lr B asl oS e (sl 5le

0.75 x (0.52v340 x 18 x L) x 1073 = 35TON - L ~ 270 cm
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21.11.3 — Seismic load path

21.11.3.1 — All diaphragms and their connections
shall be proportioned and detailed to provide for a
complete transfer of forces to collector elements and
o the vertical elements of the seismic-force-resisting
system.

21.11.3.2 — Elements of a structural diaphragm
system that are subjected primarily to axial forces and
used to transfer diaphragm shear or flexural forces
around openings or other discontinuities, shall comply
with the requirements for collectors in 21.11.7.5 and
21.11.7.6.

Diaphragm —.

Diaphragm
opening —,

R21.11.3 — Seismic load path

R21.11.3.2 — Section 21.11.3.2 applies to strut-like
elements that often are present around openings,
diaphragm edges, or other discontinuities in diaphragms.
Figure R21.11.3.2 shows an example. Such elements can
be subjected to earthquake axial forces in combination
with bending and shear from earthquake or gravity loads.

Wall

SECTION A-A

Fig. R21.11.3.2—Example of diaphragm subject to the
requirements of 21.11.3.2 and showing an element having
confinement as required by 21.11.7.5.

Chord Design
. 2
S = Lparalell(dtaphragm)”?lab _ 2200 x 18 = 118800 cm?3
6 6
B M ax _ 188 x 10° 8 Kg
Je==¢ =118800 ~ %2

The maximum allowable bending stress in the diaphragm is typically taken as the rupture stress of
7.5/fL, or:
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Kg
—= - 1.95{/f"
sz - fC
Kg
1.95V340 ~ 36— * 158
cm
M

Tehora® 095D

188 x 10°

Tenora = G955 2200 — 0022 K9

Tehord
As(chord) = %
y

8995 ;
As(chora) = 0.9 % 4000 — 2.5 cm? - use 2014

..\Jj..i@esbjbé V,f\fél.“.:fi..ifkgl.@;i\);j)ﬂj ;\M\ﬁzwémb): LAJJJL»JQ&\

Typically the chord reinforcement is placed within the middle
third of the slab or beam thickness, so as to minimize interfer-
ence with slab or beam longitudinal reinforcement and reduce
contributions to slab and beam flexural strength.

Lo lasl pla b s B s g oosls 513 5 L JIs b pa G o3 by slesl cpl Jsame 55b 4 reas
WA

Determine the Required Length of the Chord Bars

To determine the required length of the chord bars, we again need to rely upon the diaphragm shear
capacity. We found thistobe © *~  : previously.

. Tehora
Lchord - (I)V
n

TON
v, = (0.52\/340 x 18 x (100cm)) X107~ 17.5 ——

8995

L = ~ 0.7
chord = 375 % 17500 m
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Design the Slab to Wall Dowels

The last step in the diaphragm design process is to connect the diaphragm to the seismic system through
dowels. The diaphragm itself has now been designed and reinforced to maintain its integrity during a
seismic event, but there is not a complete load path until it is adequately connected to the vertical
seismic resisting system.
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Shearwall N

Dowels Full
/"~ Length of Wall

=
q .
) \
Al <
= L Collector/Drag
Reinforcement
e Where Shown
< |k on Plan

Diaphragm to Shearwall Connection

Notice that the collector reinforcement and diaphragm shear capacity itself “drags™ the load into the
compression zone of the diaphragm corresponding to each shearwall, but the diaphragm is not connected
across the cold joint of the shearwall without shear-friction dowels. While there are vertical shearwall
reinforcement bars crossing this same cold joint, those are being used as flexural wall reinforcing so
relying on them to also connect the diaphragm would be double counting them. The vertical shearwall
bars also only pass through the deck, as opposed to extending out into the deck, so their adequacy to
work as dowels is also suspect.

It is our opinion that the overstrength factor, (o, does not apply to the design of the shearwall dowels,
even when a collector is required to “drag” a portion of the load into the compression zone adjacent to
the wall. Our reasoning is that the dowel connection to a concrete shearwall is continuous along the
entire length of the wall and includes multiple pieces of reinforcement. In steel or wood structures a
collector is attached to the seismic element (frame or shearwall, etc.) at a discrete location through
hardware such as bolts or straps. The loss of this single connection would be devastating to the seismic
load path in these structures, and therefore the overstrength factor should apply at those conditions.
However, most building officials have agreed with our reasoning regarding concrete shearwalls and
have not required the dowel design to include the overstrength factor.

According to ACI 318 Section 22.9.4.2 the area of shear friction required to transfer the diaphragm
reaction into the wall is:

Ay =
vf = d)fy}.l

Where p = 1.0 for normal weight concrete placed against roughened normal weight concrete.
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11.6.4.3 — The coefficient of friction x in Eq. (11-25)
and Eq. (11-26) shall be taken as:

Concrete placed monolithically ...........cccccc....... 141

Concrete placed against hardened
concrete with surface intentionally roughened
as specified in 11.6.9 .........cccoiiiviiiiiiiiiiiiicn. 1.04

Concrete placed against hardened
concrete not intentionally roughened ................ 0.64

Concrete anchored to as-rolled structural
steel by headed studs or by
reinforcing bars (see 11.6.10) ......cccoiiiiiiiininenne 0.74

where A = 1.0 for normalweight concrete and 0.75 for
all lightweight concrete. Otherwise, A shall be deter-
mined based on volumetric proportions of lightweight
and normalweight aggregates as specified in 8.6.1,
but shall not exceed 0.85.

39000

- ~ 21.66 cm?
0.75 x 4000 x (0.6 x 1) cm

Ays

c ol V.:.A‘j} \.\qu;)):u‘)‘)‘oil.ﬁm‘i))j—ﬁ)é‘)‘ﬁé LSJ‘:"’Y djl?hb):l;

21.66
— 11 - use 11916
200
11-1
ol OLb 5l Sl el slgi gesle Yo s ol VY 5 e [ sley] Sasl 5, sl Bl

AL ol Sl pll 4 053] 5 035 S 5T e aes 0305 )3 a8 tzes 5L

~ 20cm < 30 cm OK
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5.2 Transfer Forces

Forces acting between a diaphragm and a vertical element of
the seismic force-resisting system usually can be extracted
from finite element analysis programs. Where the diaphragm
is modeled as semi-rigid, section cuts can be made through
groups of elements to determine forces acting on the group.
Where the diaphragm is modeled as rigid, section cuts through
the diaphragm cannot be used. Instead, section cuts can be
made in the vertical element above and below the diaphragm,
and the transfer force is the force required to equilibrate the
vertical element forces (Figure 5-1). This method works for
semi-rigid diaphragms, as well, although section cuts through
the diaphragm elements and nodes of interest usually are
more direct. Forces obtained by these procedures include the
sum of transfer forces and inertial forces; individual values
for transfer and inertial forces can only be estimated in many
cases.
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12.3.1 Diaphragm Flexibility. The structural analysis shall con-
sider the relative stiffnesses of diaphragms and the vertical ele-
ments of the seismic force-resisting system. Unless a diaphragm
can be idealized as either flexible or rigid in accordance with Sec-
tions 12.3.1.1, 12.3.1.2, or 12.3.1.3, the structural analysis shall
explicitly include consideration of the stiffness of the diaphragm
(i.e., semirigid modeling assumption).

12.3.1.1 Flexible Diaphragm Condition. Diaphragms con-
structed of untopped steel decking or wood structural panels are
permitted to be idealized as flexible in structures in which the
vertical elements are steel or composite steel and concrete braced
frames, or concrete, masonry, steel, or composite shear walls.
Diaphragms of wood structural panels or untopped steel decks
in one- and two-family residential buildings of light-frame con-
struction shall also be permitted to be idealized as flexible.

V{Z.ll.z Rigid Diaphragm Condition. Diaphragms of concrete
slabs or concrete filled metal deck with span-to-depth ratios of

3 or less in structures that have no horizontal irregularities are
permitted to be idealized as rigid.

12.3.1.3 Calculated Flexible Diaphragm Condition. Di-
aphragms not satisfying the conditions of Sections 12.3.1.1 or
12.3.1.2 are permitted to be idealized as flexible where the com-
puted maximum in-plane deflection of the diaphragm under lateral
load is more than two times the average story dnift of adjoining
vertical elements of the seismic force-resisting system of the as-
sociated story under equivalent tributary lateral load as shown in
Fig. 12.3-1. The loadings used for this calculation shall be those
prescribed by Section 12.8.

De

MAXIMUM DIAPHRAGM
DEFLECTION (MDD)

AVERAGE DRIFT OF VERTICAL ELEMENT
(ADVE)

Note: Diaphragm is flexible if MDD > 2(ADVE).

FIGURE 12.3-1 FLEXIBLE DIAPHRAGM
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Diaphragm deflection Ap

Building deflection Ag

— i

- .
o R Eliphragm

Seismic force Frame or wall

FIGURE 5.40 Column deformation for use in compatibility considerations. Deformation of column = building
deflection Ay + diaphragm deflection A, (Adapted from SEAOC Blue Book, 1999 edition.)
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5.5 Displacement Compatibility for
Flexible Diaphragms

Flexible diaphragms will experience in-plane displacements
due to inertial loading in addition to the drift experienced by the
vertical elements of the seismic force-resisting system. This
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is discussed in ASCE 7 § 12.3. Components not designated
as part of the seismic force-resisting system, such as gravity
beams and columns, walls bending out-of-plane, slab-column
and slab-wall connections, and cladding attachments should
be evaluated for displacement compatibility based upon the
additional displacement of the diaphragm. In some cases, it
may be appropriate to include critical elements of the gravity
system in the building lateral model to explicitly evaluate
forces developed due to displacement compatibility.

Mate: Al forces are
farces per unit length
acting an the mid-
surface of the shell
elerent. ETABS only
reports the value of
these forcesat the
shell elerment carmer
points.

i

\
Wote: Al momerts are moments per untt lencth acting on the mid-surface of
the shell element. ETABS only reports the value of these moments at the shell

element comer paints .
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21.13.6 — For slab-column connections of two-way
slabs without beams, slab shear reinforcement satis-
fying the requirements of 11.11.3 and 11.11.5 and
providing Vg not less than 3.5Jf_é b,d shall extend at
least four times the slab thickness from the face of the
support, unless either (a) or (b) is satisfied:

(a) The requirements of 11.11.7 using the design
shear V,4 and the induced moment transferred
between the slab and column under the design
displacement;

(b) The design story drift ratio does not exceed the
larger of 0.005 and [0.035 — 0.05(V,,4/¢V)].

(c) V, = 4L [f b,d (11-33)

11.11.2.2 — At columns of two-way prestressed
slabs and footings that meet the requirements of
18.9.3

Ve = (Bpr [ +03F,)b,d+ V, (11-34)

Allowable Punching Shear Stress

The allowable stress acting on the critical shear section is based upon the rather intricate requirements of
ACI 318 Section 22.6.5.5. For interior columns ve shall be permitted to be the lesser of:

———

— v,
Ve = 35{fc+ 03fp + ﬁ (22.6.5.5a)
a

Kg

[ rr VP
m—)o.gz fc+0.3fpc +b0_d
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Estimating design story drift ratio (A)
for lateral systems

» Lateral stiffness (linear model)

- Shell-type “plate” element (ETABS)
- ACI 318-08, S8.8 and 10.10

Ultimate

Members state
Beams 0.35E,
Columns 0.70E,

Uncracked | 0.70E,
Cracked 0.35E,

Walls

Design story drift ratio shall be taken as the larger of
the design story drift ratios of the adjacent stories
above and below the slab-column connection. V, is
defined in 11.11.2. Vg is the factored shear force on
the slab critical section for two-way action, calculated
for the load combination 1.2D + 1.0L + 0.2S.

The load factor on the live load, L, shall be permitted
to be reduced to 0.5 except for garages, areas occupied
as places of public assembly, and all areas where L is
greater than 100 Ib/ft2.

wy, = 1.2wp + 0.5w
il (b s O ons SlEe 5 Oy & s Sl G5 Sd B 4 G588 5 S 3 pe i Do

e il G 5T Bl 5L sl 3 @Bl d e o S oS 3L gl 45
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V, = {0.92v340 + 0.3 x 15 x}2 x (30 + 15.5 + 50 + 15.5) x 15.5 = 73857 Kg

Ewbv...a\j;-;j,w ijla; 3'/'vvbﬁ|ﬁckw@0&‘mﬁ“sgﬁ:’)%)°

46767

0.035—0.05<06X73857

) —0.017 - use 0.015 < 0.033

s el g L Sl Bl 4 5 el ol

Kg ;
_c 2—>VS=0.91 ’fcxbod
Kg

po -V, =0.91v340 x 2 x (30 + 15.5 4+ 50 + 15.5) x 15.5 = 57737 Kg

A, Vs

S Of,sxd
A, 57737 cm?
— = = 1.65 —
S 0.75x 3000 x 15.5 cm

¢l ("‘Ab" Ll S=d/f2 S Sose 3

15.5
A, = 1.65 X — = 12.78 cm?
where A, is total area of shear reinforcement required on the four sides of the

column (see Fig. 16-5).
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- As per ACI 352R
© (Af)(sb,) = 3.5V,
- s<df2
- First line at s/2
from the column
- Extend at least 3h
(note: 4h for RC)
m=_and so forth..
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Seismic force Frame or wall

FIGURE 5.40 Column deformation for use in compatibility considerations. Deformation of column = building
deflection Ay + diaphragm deflection Aj,. (Adapted from SEAOC Blue Book, 1999 edition.)

Total lateral displacement AN
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FIGURE 5.41 Deformation compatibility consideration of foundation flexibility. (Adapted from SEAOC
Blue Book, 1999 edition.) SR

159

——
| —



Standard

hook
\ T/beam

% > 1?
) /— Column
LN
vy
/- Vertical reinforcement
|~
/— Hoops and crossties
= &
&
T/beam
Els
g .é < <
Y

Continue hoops and crossties
at ends of column through joint
at same spacing as in column

Max. 1 to 6 slope

160

——
| S—



FIGURE 6.47 SDC C: Frame columns and, SDC D, E, or F: Gravity columns, that is, columns not designed
as part of a lateral system in which: (1) Induced moment or shear due to deformation compatibility exceeds
design moment or shear. (2) Induced moments and shears to deformation compatibility are not calculated.

* “Minimum cover” replaced with “specified cover.”

» Transverse reinforcement to confine structural integrity reinforcement in perimeter
beams.

» Redistribution column slenderness provisions.

* Introduction of “shear cap™ and differentiation with “drop panel.”

» Limits of depths of beams and hollow core units exempted from the requirement for mini-
mum shear reinforcement.

» Steel fiber—reinforced concrete as an alternative to minimum shear reinforcement.

* Modified limit on shear friction strength for monolithically placed concrete and concrete
placed against intentionally roughened concrete.

* Development length of headed deformed bars.

» Modified design provisions for slender wall panels.

\/ » Structural integrity steel in two-way unbonded posttensioned slab systems.

* Modified load factors for required test load.

* New design requirements for SDCs.

* Alternative reinforcement scheme for coupling beams.

* Increased design yield strength for confinement reinforcement to help reduce congestion.
* Revisions to boundary element confinement requirements.
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14.5.5 Slab-Column Framing

The primary concerns for slab-column framing are punching shear failure and progressive collapse
due to punching at multiple connections. To address these concerns, ACI 318 has provisions for shear
reinforcement and for structural integrity reinforcement, as described next.

Shear Reinforcement

Chapter 10 described how the drift capacity of a slab-column connection without shear reinforcement
is sensitive to the magnitude of the vertical shear being supported by the connection. ACI 318
approximates the relation between the drift ratio capacity and the gravity shear using the bilinear
relation shown in Figure 14.10. If a connection has combined shear and story drift ratio falling below
the bilinear relation given in Figure 14.10, shear reinforcement is not required. Otherwise, shear
reinforcement is required. For this purpose, the story drift ratio is taken as the larger of the story drift
ratios of the adjacent stories above and below the slab-column connection. Gravity shear stress v, 1s

the factored nominal shear stress on the slab critical section for two-wayv action due to gravity loads
without moment about the slab critical section (i.e., v,, = V,,,/b,d). The quantity v, is the shear stress
capacity of the critical section attributable to concrete (i.e., v, =V_/b,d, where V, is defined in
Chapter 10), and £= 0.75. This requirement should be checked at critical sections adjacent to
columns, capitals, drop panels, and drop capitals. Note that ACI 352.1 (2011) recommends reducing
the term V¥, by factor C, = 0.75 for Type 2 connections (those required to sustain gravity loads under

earthquake-induced inelastic deformations).

14.2.3 Performance of Gravity Framing in Past Earthquakes

Gravity framing in many buildings has performed well in past earthquakes. The present discussion,
however, focuses on observed failures, as these illustrate design deficiencies for which particular
attention may be required. Such failures were especially noted following the 1994 Northridge,
California earthquake.! Four Northridge earthquake examples are presented here. An additional
example from the 2010 Chile earthquake illustrates damage to slab-wall framing.

The Kaiser West Los Angeles parking garage was a five-story, cast-in-place, post-tensioned
concrete structure (Corley et al., 1996). The lateral system comprised shear walls at the east and west
ends and perimeter moment frames along the north and south perimeter. The failure is thought to have
initiated in the interior gravity columns, which had widely spaced hoops. As these colunns lost
vertical load-carrying capacity, the floors collapsed pulling the exterior walls of the structure inward.
Figure 14.2 illustrates an exterior gravity column failure and the overall building collapse.
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(a) Column failure (b) Aerial photograph of collapsed building

FIGURE 14.2 Damage and collapse of the Kaiser parking garage in the 1994 Northridge earthquake. (Left photograph by R.
Reitherman, used with permission from the National Information Service for Earthguake Engineering, University of California,
Berkeley. Right photograph used with permission from Earthguake Engineering Research Institute.)

The California State University, Northridge south parking garage was a three-story structure
(Corley et al., 1996). The lateral system comprised perimeter special moment frames. Interior
columns had widely spaced transverse reinforcement, and sustained axial failures under combined
lateral and vertical loads. Similar to the Kaiser parking garage, axial failure of the interior columns
led to floor collapses that pulled the exterior frames of the structure inward. Figure 11.25 illustrates
interior column and overall structure failures.

Bullock’s department store was a three-story building (Youssef et al., 1996). The structural
system consisted of a two-way concrete joist (waffle) floor system with column drop panels and cast-

in-place concrete columns. It had been retrofitted with discontinuous shear walls. The failure
included punching of the slab-column connections, leading to extensive collapse of the floor system

(Figure 14.3). There was no evidence of slab reinforcement through the columns at the punched
locations.
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FIGURE 14.3 Damage and partial collapse of Bullock’s department store in 1994 Northridge earthquake. (Used with permission from
the National Information Service for Earthquake Engineering, University of California, Berkeley.)

The Four Seasons office building had a four-story, cast-in-place structure (Sabol, 1996). The
lateral system comprised perimeter moment frames. The interior framing was an unbonded post-
tensioned flat-plate with drop capitals supported on columns. Several interior slab-column
connections experienced punching failures, but the building did not collapse. Figure 14.4 illustrates

the framing system and observed damage.
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(a) Elevation (penthouse not shown)
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(c) Punching shear failure

FIGURE 14.4 Damage to unbonded post-tensioned slab-column frame in 1994 Northridge earthquake. (After Sabol, 1996.)
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Several shear wall buildings experienced damage to floor slabs during the 2010 Chile
earthquake. Figure 14.5 shows a typical example in which the floor slab acted as a coupling element
between walls that were separated by door openings or hallways. Typical damage included flexural
cracking and, in some cases, slab punching around the wall boundary elements.

FIGURE 14.5 Punching shear failure of a slab acting as a coupling element between two structural walls, 2010 Chile earthquake. View
upward toward ceiling showing wall boundary and damaged slab.

14.3 Principles for Design of Gravity Framing

The main concern for gravity framing is damage that leads to the loss of the gravity-load-carrying
capacity of the framing. Thus, the following principles should be foremost in gravity framing design:

l. Control deformation demands on gravity framing.
2. Confine column sections where vielding is expected.

3. Avoid shear and axial failures.

The following subsections provide additional details.

14.3.1 Control Deformation Demands

Gravity systems are rarely a problem in buildings with good drift control. For example, low-rise
buildings with ample structural walls and stiff diaphragms generally have small lateral drifts and
thereby protect gravity framing from damage. Buildings braced by frames and buildings with flexible
diaphragms may have relatively larger lateral drifts that can result in damage to the gravity framing.
High-rise buildings with structural walls also are susceptible to drift-induced damage, especially in
upper stories where rigid-body rotations of the walls can result in relatively large story drift.
Interferences with nonstructural components such as stairs or infill walls or with structural
components such as inclined ramps should be accounted for in determining the drift demand and

capacity.

14.3.2 Confine Column Sections Where Yielding Is Expected

Where the design deformation demands are high and the columns are weaker than the beams, inelastic
flexural response of the columns should be anticipated. Such columns should be confined by closely
spaced, well-configured transverse reinforcement that enables the development of ductile plastic
hinges. Column confinement is especially important for columns having axial force near or above the
balanced point. Where column longitudinal bars are lap-spliced immediately above the floor,
transverse reinforcement should also be provided to improve lap splice performance.
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14.3.3 Avoid Shear and Axial Failures

Shear failure of columns can result in relatively brittle behavior, possibly including axial failure,
especially where transverse reinforcement is light and axial loads are high. Good practice is to
provide transverse reinforcement that is sufficient to resist the shear corresponding to development of
probable moment strengths in the columns or in the members framing into the columns.

Shear failure of beams generally is less critical than shear failure of columns. Nonetheless, the
provided shear strength should not be less than the shear that is induced when the gravity framing is
subjected to expected lateral displacements.

Where slab-column framing is used, slab shear reinforcement should be provided unless the
expected lateral drifts and vertical connection shears are low. The slab-column connection should be

detailed with slab bottom reinforcement passing through the column cage. In the event that shear
tailure occurs, this reinforcement can suspend the floor slab from the column, thereby avoiding
progressive collapse that cascades from one connection to others.

14.4 Analysis Guidance
14.4.1 Analysis Procedure

If a building is conceptualized as having gravity framing elements that are distinct from the lateral-
force-resisting elements, then the usual approach for design is to develop an analysis model in which
lateral resistance is provided only by the seismic-force-resisting system, with no lateral resistance
from the gravity framing elements. Reactive mass of the entire building, however, including the mass
associated with the gravity framing, must be represented in the model. Gravity loads tributary to the
lateral-force-resisting system are assigned to that system. Additionally, where P-delta effects are
significant, the P-delta effects associated with the gravity framing should be included. Usually, this
can be done by introducing a “leaning column” that has no lateral resistance but that supports the
gravity loads that are tributary to the gravity-framing system (Figure 14.6). As the structural model
sways, the leaning column will develop P-delta moments that will increase the lateral forces applied
to the lateral-force-resisting system.

Lateral-force-

—_— Rigid g
resisting system Ii?mk ¢ P tributary to

i Gravity columns . \ gravity framing

] il
6 E Pin-connected

“leaning column”
- = 5 = - Lateral-
force-

| | resisting
i . - " T frame

(a) Building plan (b) Analytical model

FIGURE 14.6 Planar analytical model for building braced by perimeter frames.
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The preceding approach applies to buildings designed by prescriptive provisions of some
building codes, including ASCE 7 (2010). As described in Chapter 11 of this text, the basic
procedures of ASCE 7 use a linear-elastic model that represents the effective stiffness of the seismic-
force-resisting system deformed to near the yield point. Effects of nonlinear response are represented
in part by using a series of factors, including R, C,, /,, and Q. Using those procedures, the design
displacements are the displacements from an equivalent elastic analysis (using un-reduced forces)
multiplied by C,4//R. As discussed in Chapter 11, this book recommends that C,/,/R not be taken less

than 1.0. See additional discussion in Chapter 11.
Where performance-based designs are adopted, the analytical model usually considers nonlinear

force-displacement relations of components and materials. In some approaches, only the lateral-
force-resisting system is represented in the analytical model, with a leaning column to represent P-
delta effects of the gravity-framing system. In other approaches (e.g., TBI, 2010), both the lateral
system and the gravity-framing system are included in the analytical model. This latter approach
generally produces a better analytical representation of the overall building behavior. It also allows
for force and deformation demands on the gravity system to be obtained directly from the overall
structural analysis model.

If the gravity framing is not included in the analytical model of the building framing system, then
an additional analysis step is required to identify the effects of the lateral displacements on the
gravity framing. For this purpose, an analytical model of the gravity framing is developed and
subjected to lateral displacements obtained from the seismic analysis of the lateral system. ASCE 7
and ACI 318 require that the structural integrity of the gravity system be checked only at
displacements corresponding to the Design Earthquake (DE) shaking level. Preferably, however, the
gravity framing should be checked at lateral displacements corresponding to the Maximum
Considered Earthquake (MCE) shaking level, or approximately 1.5 times DE displacements.

Regardless of the approach taken, the analytical model should conservatively bound the expected
displacement amplitudes that will be imposed on the gravity framing, and should include, as
appropriate, the effects of concrete cracking, foundation flexibility, and deformation of floor and roof
diaphragms.

MCE or Maximum Considered Earthquake defines the peak horizontal accelerations with
2% probability of exceedance in 50 vears. DBE or Design Basis earthquake (DBE) defines the
peak horizontal accelerations with 10% probability of exceedance in 50 years. Determining
MCE & DBE is part of the routine probabilistic seismic hazard analysis of the site.

For strategic installations, a site specific response spectrum is developed for soft soil sites
after taking into account the seil-building interaction. The site specific MCE spectrim is
developed by following the strict provedure. Once MCE is obtained, the DBE is taken as 2/3
times the MCE.
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14.5 Design Guidance
14.5.1 Design Actions

Components of the gravity-framing system should be designed to support gravity loads and any other
loads as the framing is subjected to expected lateral displacements. According to ACI 318, members
not designated as part of the seismic-force-resisting system are to be evaluated for gravity load
combinations of (1.2D + 1.0L + 0.25) or 0.9D, whichever controls, acting simultaneously with the
design displacement, d,. The load factor on the live load, L, is permitted to be reduced to 0.5 except
for garages, areas occupied as places of public assembly, and all areas where L is greater than 100
psf (4.8 kPa).
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(a) Displacements (b) Axial force in gravity column

FIGURE 14.7 Axial force in gravity column due to overturning actions in tall building.

corresponding to the DE. The gravity system, however, should be capable of supporting applied
loads under maximum expected displacements. This book recommends checking gravity framing
under displacements due to MCE effects, which under ASCE 7 provisions are approximately 1.5
times the DE displacements.
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14.5.2 Columns

According to ACI 318, the requirements for cast-in-place columns (and beams) depend on the
magnitude of moments and shears induced in those members when subjected to the design
displacement d,. Where the induced moments and shears do not exceed the design moment and shear

strengths (A4, and #,), the requirements given in Figure 14.8a apply. Where the induced moments or

shears exceed the corresponding design strengths, the requirements given in Figure 14.85 apply. If the
effects of d, are not checked explicitly, then the design is to be based on the assumption that induced

moments and shears exceed the design moment and shear strengths, such that the requirements given in

Figure 14.85 apply.

« Longitudinal reinforcement satisfies 0.01 <A /A, < 0.06.

= Transverse reinforcement is spirals, circular hoops, or rectilinear hoops and crossties, designed to resist

shear corresponding to M,

= Rectilinear hoops and crossties engage at least corner and alternate longitudinal bars, with no
unsupported bar more than 6 in (150 mm) clear from a supported bar, and with spacing of supported bars h,
within cross section not exceeding 14 in (350 mm) on center. Where P, 2 0.3A flor f_ 2
10,000 psi (70 MPa), every longitudinal bar around the perimeter of the column core shall have lateral
support provided by the corner of a hoop or by a seismic hook, with h_not exceeding 8 in (200 mm).

4 dbo-o- <

6dlz

6in (150 mm)

SO

as required for shear

3s<

ifP, 20.35A f;:

« Volumetric ratio of hoop
reinforcement along full
height not less than one-half

T that required along I, region of a
special moment frame column

« Maximum cover =4 in (100 mm)
unless additional transverse
reinforcement is provided
with cover <4in (100 mm)
ats<12in (300 mm)

Tension lap
splice, no
restriction
on location

-

A
—1

(a) Demands do not exceed
design strengths

- o h‘
h, 7
1,2 h, I, =
1/6 i Ty,
18 in (460 mm) e
L, 5,
: o R
Tension lap L gk
splice restricted -
to center half of )
member length —
K B
=
Io .
| 55,

(b) Demands exceed
design strengths

min h,/4, h./4
b
5<7s,
as required for shear

6d,
5,<3 6in (150 mm)
as required for shear
14-h,

Sa=4+( 3 )in

[ro0- (352%) ]

=4in (100 mm)

<6in (150 mm)
Along I, transverse reinforcement
spacing <s, and quantity
satisfies full confinement
requirements as identified in
Table 12.2

Provide full height if
supporting discontinued stiff
member.

Maximum cover=4in (100 mm)
unless additional transverse
reinforcement is provided

with cover <4in (100 mm)
ats<12in (300 mm)

FIGURE 14.8 Requirements for columns not part of the seismic-force-resisting system. Note: If effects of displacements on demands

are not caleulated, then (b) applies.
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Regardless of the magnitude of induced moments and shears, ACI 318 requires that columns be
designed to have shear strength satisfying #, >V,. Nominal shear strength V,, is calculated in

accordance with procedures for columns of special moment frames, thatis, V,, =V, + V., with V., =0
along length/, if both (a) the earthquake-induced shear force represents one-half or more of the

maximum required shear strength, and (b) the factored axial compressive force including earthquake
effects is less than A, f120. Shear force ¥V, is determined using the maximum probable moment

strengths M,,,. at the ends of the column associated with the range of axial forces acting on the column.

Alternatively, the column shear need not exceed the shear associated with development of probable
moment strengths A7, in the beams or slabs framing into the joints. The requirement to design for M,,,

is due to the potentially high consequences of column shear failure and the low confidence in code-
based design displacements. Where improved estimates of lateral displacements provide a high
degree of confidence that column shear failure will not occur, it may be reasonable to relax the
requirements.

Note that the permitted location of lap splices depends on the anticipated column demands. Where
demands are relatively low, lap splices are designed as tension splices and can be located anywhere
along the member length. Where demands are higher, lap splices are designed as tension splices and
must be located within the middle half of the column length. The intent is to avoid a lap splice in the
potential plastic hinge region. ACI 318 is unclear about the definition of column length, and a
common interpretation is that column length refers to floor-to-floor height rather than clear height.
Some engineers interpret the ACI 318 provision as requiring that the splice be centered at the mid-
height, but be permitted to extend outside the middle half of the column length if necessary to
accommodate the required lap splice length. Given that the end of the column is confined by closely
spaced transverse reinforcement, and that the moment strength of the column is not being relied on for
seismic resistance, this practice seems reasonable and should be permitted for gravity columns. The
same allowance should not apply to columns designated as part of the seismic-force-resisting system.

Where demand forces exceed design strengths, some additional requirements apply. Materials
(including concrete, reinforcement, welded splices, and mechanical splices) should conform to
minimum requirements for special moment frames. Columns supporting reactions from discontinued
stiff members, such as walls, should have full confinement (as described in Figure 14.8h) over their
full height at all levels beneath the discontinuity if the factored axial compressive force in the column,
related to earthquake effect, exceeds A, f/4 (or A, f/10 where design forces have been amplified to

account for overstrength of the vertical elements of the seismic-force-resisting system).
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14.5.5 Slab-Column Framing

The primary concerns for slab-column framing are punching shear failure and progressive collapse
due to punching at multiple connections. To address these concerns, ACI 318 has provisions for shear
reinforcement and for structural integrity reinforcement, as described next.

Shear Reinforcement

Chapter 10 described how the drift capacity of a slab-column connection without shear reinforcement
is sensitive to the magnitude of the vertical shear being supported by the connection. ACI 318
approximates the relation between the drift ratio capacity and the gravity shear using the bilinear
relation shown in Figure 14.10. If a connection has combined shear and story drift ratio falling below
the bilinear relation given in Figure 14.10, shear reinforcement is not required. Otherwise, shear
reinforcement is required. For this purpose, the story drift ratio is taken as the larger of the story drift
ratios of the adjacent stories above and below the slab-column connection. Gravity shear stress v, 1s
the factored nominal shear stress on the slab critical section for two-way action due to gravity loads
without moment about the slab critical section (i.e., v, = V,,,/b,d). The quantity v, is the shear stress
capacity of the critical section attributable to concrete (i.e.,v, =V_/b,d, where V, is defined in
Chapter 10), and £= 0.75. This requirement should be checked at critical sections adjacent to
columns, capitals, drop panels, and drop capitals. Note that ACI 352.1 (2011) recommends reducing
the term ¥, by factor C, = 0.75 for Type 2 connections (those required to sustain gravity loads under

earthquake-induced inelastic deformations).
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Deformation compatibility for columns

Design story drift ratio

Spiral @ 3" pitch (1971 San Fernando EQ)

Ties @ 18" spacing (1971 San Fernando EQ)
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2008 PT! Technizal Conferance

Lateral systems and
Non-participating PT slab-column frames

Lateral Andlysis and Design of FT Slab<Coiumn Frames

Thomas Kang #h.0., F.E(CA)

» PT frames: not to resist
lateral loads in high seismic
regions

» Lateral systems (SMRF or
walls) designed for all
lateral load resistance and
stiffness

» Deformation compatibility
should be met for PT
connections & frames

& Copyright Fast-Tensicning nstize ai righ's rasarved

db""‘ -

6db

6in (150 mm)
—3s< s,
as required for shear

IfP,20.35A,f:

« Volumetric ratio of hoop
reinforcement along full
height not less than one-half

i that required along /, region of a
special moment frame column

« Maximum cover =4 in (100 mm)
unless additional transverse
reinforcement is provided
with cover <4 in (100 mm)
ats<12in (300 mm)

Tension lap ]
splice, no
restriction
on location ~

-

(a) Demands do not exceed
design strengths

Pagasotzs
A min h,/4, h./4
B [ hl 5 < Sa :
1 as required for shear
h‘ 1 6db
h, I 4+ 5;536in(150mm)
li24, /6 o = as required for shear
1
18 in (460 mm) £ -~ (14-h,)‘
) = s,=4+ 3 in
¢ 52 350~ h
foo- (2252
Ter‘mon lag L e 3
splice restricted T 24in (100 mm)
to center half of ! <6in (150 mm)
member length Along [, transverse reinforcement
spacing <s, and quantity
satisfies full confinement
requirements as identified in
Table 12.2
Provide full height if
3 supporting discontinued stiff
I e member.
T : ;
| 1 Maximum cover=4in (100 mm)
L L unless additional transverse
reinforcement is provided
with cover <4in (100 mm)
£ ats<12in (300 mm)
(b) Demands exceed
design strengths

FIGURE 14.8 Requirements for columns not part of the seismic-force-resisting system. Noze: If effects of displacements on demands

are not calculated, then () applies.
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