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TABLE &.4-1 Cracking Moment Values and Farameters for ACI (T136U9)

Section A | SectionB&C | SectionD
Siep (iN%) 7979

Spor (in?) 5501 5501

Basic P (kips) 321.24 321.24 240.93
parametsrs [ P/A () | 219 219 164
fo+ (PIA) 693 693 638

M (k-ft) 219.51 460.79 202.09

1.2 Mer (k-ft) 26341 552.94 24250

® M, (k-ft) o11.81 on.e1 501.92
Status OK OK OK

TABLE &.4-2 Cracking Moment Values and Farameters for EC2 (T12651)

Since at the selected sections, the design capacity of
the section with prestressing alone exceeds 1.2M,,, no
additional rebar is required from this provision.

In design situations like above, where the design is
initiated by determination of whether a value is less
or more than a threshold, it is expeditious to start
using a simplified, but conservative procedure. If the
computed value is close to the target, design check
can be followed with a more rigorous computation.
Assume the following:

Cover to strand CGS = 2.75 in; hence d = h (thickness)
-2.75

Moment arm = 0.9d

Design force in strand = 270 Ay ksi; @ = 0.9

At midspan, with 12 strands, 270 ksi strength
®M,=09x12x0.153x 270 (30-2.75) 09 /12 =
911.81 k-ft

Design moment at other locations are calculated in a
similar manner.

B. Based on EC2:
™ Unbonded tendons

EC23 requires that for members reinforced with un-
bonded tendons the total amount of prestressed and
nonprestressed shall be adequate to develop a fac-
tored load at least 1.15 times the cracking load com-
puted on the basis of the modulus of rupture of the
section. In practice, this is taken as cracking moment
of the section M,,.

The necessity and amount of rebar is defined as a func-
tion of cracking moment of a section (M.). For pre-
stressed members

Mg = (f. + P/A) S

Where, f, is the modulus of rupture®

fr = form = 0.3F,(2/2) = 2.74 MFPa (397 psi)

33 EN 1992-1-1:2004 (E), Section 9.2.1.1(4)
34 EN 1992-1-1:2004 (E), Section 7.1(3). Here tensile
stress limit for uncracked section is used.
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TABLE 6.4-3 Summary of Required Reinforcement for Strength Limit State (T136US)

Unbonded
Bonded
Code Point Point Point | Point Point Point Point Point
A B&C D E A B&C D E
ACI/IBC L7/ 2:0) 146 O 01515) O (0] o
EC2 2.2 207/ N> O 149 .22 0.29 0
TABLE &.4-4 Envelope of Reinforcement for Serviceability (SLS)
and Strength (ULS)Conditions (T137)
Unbonded Bonded
Code Point Point Point | Point Point Point Point | Point
A B&C D E A B&C D E
ACI/IBC 157 2.3 146 | 153 0.35 o) o) 0
EC2 2805 207 ON/5 O 149 122 0.29 0

PIA is the average precompression, and S the section
modulus. The Table &.4-2 summarizes the leading values
and the outcome.

Since at the selected sections, the design capacity of
the section with prestressing alone exceeds 1.15Mg,, no
additional rebar is required from this provision.

In design situations like above, where the design is
initiated by determination of whether a value is less
or more than a target, it is advisable to start the check
using a simplified, but conservative procedure. If the
computed value is close to the target, design check
can be followed with a more rigorous computation.
Assume the following:

Cover to strand CGS = 70 mm ; hence d = h (thick-
ness) - 70

Moment arm = 0.9d

Design force in strand = ApS x 1860 MPa/1.15;

At midspan, with 12 strands, 1860 MPa strength

® M, =12 x 99(1860/1.15) 0.9(762 - 70) /106 =
1196.69 kNm

Design moment at other locations are calculated in a
similar manner.

The summary of the strength reinforcement is given in
the above table.

Strength computations performed herein were
limited to points considered critical by inspection.
When spans and loading are not regular, the selec-
tion of critical points by inspection becomes diffi-
cult. In such cases, stress and strength checks must
be performed at a greater number of locations. Also,
note that due to the contribution of tendon to ulti-
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mate strength, and change in drape of tendon along
the length of a member, the most critical location for
design is not necessarily the location of maximum
moment.

8.5 One Way Shear Design

Distribution of design shear is shown in Figure £.5-1.
The design shear (V) is computed from the results of
the standard frame analysis performed for the loading
conditions D, L and FT. The following combination was
used:

- PTS436
| 724
/] 59 |
79 | %
e 84.9
Distribution of Shear (kips)
FIGURE &.5-1

Vu =12 VD + 1.0 V]_ +1.0 VHYI’
Shear check is performed for both codes ussing the
same shear force demand V,, based on ACl load factors.

A. Based on ACl 316-11/1BC 2012

Span 1

Foint of zero shear = 79.9x 64’/ (79.9 + 103.1) = 27.94°
Design at distance = (column width + h) / 2
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= (14" + 30) / 2 = 227 for exterior column
= (18" + 30) | 2 = 24" for interior column
For the left support:
Vy,=-79.9x% (27.94 -1.863) [ 27.94
=-74.67 k
For the right support:
V,=102.1% (64 - 27.94 - 2.00) / (64 - 27.94)
= 97.36 k
Hence, the right support governs

The shear design for the right support of span 1 will be
followed in detail, since this is the most critical loca-
tion. The procedure for the shear design of other loca-
tions is identical. The design starts with the calculation
of vc, the code allowable shear stress contribution of
concrete over the shear area of the section. Depending
on the value of @v, compared to that of the computed
average design shear stress vy, in the general case, up
to three regions along the length of a member can be
identified for design. These are shown schematically
in Fig. 8.5-2 for the right region of span 1.

b, = 186"

d=086h=06x30"=24"

dp=2725" > 0.6h = 24"

conservatively assumed 24”

Vomin = 2 V4000 = 127 pei

Vomax = D V4000 = 316 psi

v, =0.6Vf,+ 700V, d [ M,>

The term (V d/ M) must be less than 1 or use 1.
Vidl M, = 97.38 x 24 | (769.6 x 12) = 0.25 < 1 0K
Ve = 0.6 V4000 + 700 x 97.38 x 24 | (769.6 x 12)
= 215 psi > V¢ min = 127 psi < V¢ max = 516 psi
Hence v, = 215 governs the design.

For this example the ultimate moment was taken at
the face-of-support for brevity of the example, even
though the shear check is done at a distance h/2
away from the support. This assumption is conser-
vative and does not have a significant effect on the
outcome of the calculation. In the general case, the
value of V,d/ M, varies along the length of the mem-
ber. But, it is assumed constant for this example.

vy = (97.256 x1000) / (16 x 24) = 225 poi
v, =225 psi > @ v, = 0.75 x 215 = 161 psi
Hence shear reinforcement is required by calculation,

Assume #4 otirrups with two legs: A, = 2 x 0.2 in2 =
0.40 in2
The spacing, s, between the stirrups is given by:

35 ACI318-11, Section 11.3.2
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PTS437
V, =97.38k
103.10 k
@Vc =69.55 k
0.500Vc = 3478 k —t
— face of
column
17 #4
- @22.5" oc
@22" c:c @22 (?C 9.72'
79.9k 12.14 ] 12.14 i ,,
i 28 % 2.00'
Shear Force and
Reinforcement for Right Side of Span 1
FIGURE 8.5-2

5=@ A/ [by(vu—@v)]

=0.75%0.40 x 60000 [ [1& x (225 —161)] = 15.65"
but, 2° <= 0.75 h = 0.75 x 30 = 22.5“; and
5 <= 24"
Select o = 15° for the entire region where stirrups by
calculation governs.

Using similar triangles, the three regions for the calcu-
lation of shear reinforcement are worked out and shown
graphically in Fig. 8.5-2.

For the first region V, > = @ V., = 156 x 24 x 161 / 1000
=955k
Use stirrups at 15” (361 mm) spacing.

For the second region V, > =05 @V,
=05 %15 x 24 x161 /1000 = 34.75 k
Use the minimum value specified by code.

For the third region vV, < 0.5 @ V., = 34.75 k
No web shear reinforcement required by code. Conserva-

tively, use the same stirrups at 227 epacing (s <= 0.75
h=225")

For the region governed by the minimum rebar, the spac-
ing shall be the smallest of the following:

In the following the three applicable code relation-
ships®” are re-arranged to express them in terms of

36 ACI318-11, Section 11.4.5.1
37 ACI 318-11, Section 11.4.6
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s stirrup spacing. The format of the relationships in
the code is in terms of A,,;,. In this case, since the
stirrups are already selected as two-legged #4 bars,
the required spacing is worked out.

For each stirrup, Apin = Ay =2 x 0.2 = 0.4 in2.

(i) o=A,f /(50 b,) (US)
= 0.4 x 60000 / (50 x 18) = 26.67

(i) =80 A, (£, f,,) d (b 1d)05 /A,
= 80 x0.4 (60 | 270) 24 (18 / 24105 [ 1.864 = £0.33"

(i) s = A, £,/ (0.75 b, £.09)

= 0.4 x 60000 / (0.75 x 1& x 400005) = 2811 “

At the same time, spacing s shall not be more than 247,
nor 0.75h = 22.5”

Use #4 two-legged stirrups at 227 on spacing for this
region.

B. Based on EC2
Shear check carried out in the following is based on fac-
tored demand shears obtained above, using ACl load
factors. For EC2, however, the load factors will be dif-
ferent, leading to a somewhat different demand shear.
However, to simplify comparieon, the same demand
force is used in for both design codes.
Span 1.
b, =457 mm (1& in)
d =760 —51-22/2 = 696 mm (2745 in)
Foint of zero shear = 355.41x 19.51/ (355.41 + 458.61)
=852 m (27.95 ft)
Desigh at distance = column width/2 + d
= 5506/2 + ©9& = 676 mm (54.49 in) from exterior
column CL
= 457/2 + 6986 = 927 mm (56.4& in) from
interior column CL
For the left support:
Vep = -355.41 x (652 — 0.8676) | 652 =-316.67 kN
(71.69 k)
For the right support:
Vep = 458.601x (20 — 852 - 0.927) | (20 — £.52)

= 42158 kN (94.75 k)
Hence, the right support governe.

The shear design for the right support of span 1 will
be followed in detail, since this is the most critical
location. The procedure for the shear design of other
locations is identical. The design starts with the cal-
culation of Vgq,, the design shear resistance of the
member without shear reinforcement.
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Vea™® = [ Crac k (100 p1 f o )/35+ k1 Ogp ] b d
but not less than (v, + k1ccp) b, d
Where,
foc = 2756 MFPa (4000 psi)
k=1+ (200 / d)"2 =1+ (200 / 698)"2 =154 < 2.0
p1=Ag/ (by d) =D x 387/ (457 x 698&) = 0.0061
0g, = Nep/Ac = 1429 x 102 | 94840 = 151 MPa < 0.2
x18.39 = 5.65 MFa
Crac=01817v:=018/150 = 0.12
ki=0.15
Viin = 0.035 k272 £, 112 = 0,035 x 1.54%/2 x 27582 =
0.24 MFa
Vedo = [ 012 x 1.54 (100 x 0.0061 x 27.58)"2+ 0.15 x
1517457 x 696 /1000
=222.97 kN (50.13 k)
Vegemin = (0.4 + 0.15 x 1.51) 457 x 696/1000
=180.71 kN (40.62 k)
Veae = 222.97 kN (5013 k)Vep > Vg4 » Shear reinforce-
ment is required by calculation.

Assume 13 mm (#4) stirrups with two legs: Ag, = 2 x
129 mm? = 258 mm? (0.40 in?)

The spacing,® s, between the stirrups is given by:

6 = (Aow ! Vo) Z fywa cotl

Where,

Assume 6 = 400, cot 6 = 1.20

Vido = Vep = Vrao = 42156 —222.97 =198.61 kN (44.65 k)
z=0.9d=0.9x%x698 =626 mm (24.73 in)

5 = (255 /196.61 x 1000) x 628 (413.69 / 1.15) x 1.20
=352 mm (12.66 in)

Vedmax© = Qgy by 2 Vi oy /(cotl + tand)

Where,

V141 = 06[1 - (fck / 250)] = 0.53 since ‘wad > O.&‘Fyk

fo4 =18.29 MFa (2667psi)

Oow'? = (14 0gp [ feq) for og, = 151 MPa < 0.25f4 = 0.25
x 16.39 = 4.60 MFa

= (1+151/18.39) = 1.08

Veamax > = [1.08 x 457 x 626 x 0.53 x 186.29 / (1.20 +
0.864)] /1000 = 1480.90 kN (332.92 k)

> 198.61 kN (44.65 k) OK

Select 5 = 350 mm (13.8 in) (s <= 0.75 d (1+cota) =
0.75 x ©95 = 523 mm (20.59 in)) for the entire region
where stirrups by calculation governs.

38 EN 1992-1-1:2004 (E ), Section 6.2.2
39 EN 1992-1-1:2004 (E ), Exp: 6.8

40 EN 1992-1-1:2004 (E ), Exp: 6.9

41 EN 1992-1-1:2004 (E ) Exp: 6.6N

42 EN 1992-1-1:2004 (E ) Exp: 6.11aN
43 EN 1992-1-1:2004 (E ) Exp: 6.9
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If Vep < Veayc » use the minimum rebar specified by code.™
For the region governed by the minimum rebar, the spac-
ing shall be the following:

In the following the applicable code relationship is
re-arranged to express them in terms of s spacing.
The format of the relationships in the code is in
terms of Ay In this case, since the stirrups are al-
ready selected as two-legged 13 mm( #4 )bars, the
required spacing is worked out. Hence, A, = 4, = 2
x 129 = 258 mm? (0.40 in?2).

6 = Agy, Ty / (0.08 VFy by)
=256 x 412.69 / (0.06 V27.58 457)
=bBb6 mm (21.869 in)

At the same time, spacing s shall not be more than 523
mm (20.59 in).

Use 13 mm two-legged stirrups at 520 mm (20.47 in)
spacing for this region.

9 CODE CHECK FOR INITIAL CONDITION

At stressing (i) concrete is at low strength; (ii) pre-
stressing force is atits highest value; and (iii) live load
generally envisaged to be counteracted by prestress-
ing is absent. As result, the stresses experienced by

7-23

a member can fall outside the envelope of the limits
envisaged for the in-service condition. Hence, post-
tensioned members are checked for both tension
and compression stresses at transfer of prestress-
ing. Where computed compression stresses exceed
the allowable values, stressing is delayed until either
concrete gains adequate strength or the member is
loaded. Where computed tension stresses are exces-
sive, ACI/IBC* suggest adding non-stressed rein-
forcement to control cracking.

9.1Load Combinations

The codes covered are not specific on the applicable
load combination at transfer of prestressing. The fol-
lowing is the combination generally assumed among
practicing engineers;

Load Case: 1.0 DL + 115 PT
fi =% x 4000 = 2000 pei

9.2 Stress Check
0=+(Mp+115Mpy) /S + 115 P/A
S =Y,

9.3 Allowable Stresses
A. Based on ACI-316-11; IBC 2012
Tension = 3 V3000 = 164 psi

TABLE 9-1 Stresses at Transfer of Fost-Tensioning (T129U9)

Point A Point B Point C Point D Point E

Mp k-ft 458.6 -670.9 -5863.5 196.9 -46.2
Mpr k-f£ -320.5 443.6 575 -99.9 45.5
P kips 321.24 521.24 521.24 240.93 240.93
P/ A psi -219 -219 -219 -164 -164
f; poi -587 -10 -23 -312 -203
(MPa) (-2.67) (0.07) (-0.16) (-2.19) (-1.40)
f, pei 32 -759 -733 70 -167
(MPa) (0.22) (-5.23) (-5.05) (0.48) (-115)
ACI-11/1BC 201
F; poi -1600 -1800 -18600 -1600 -1800
Fy pei 164 -1800 -18600 164 -1800

OK OK OK OK OK
EC2
F. MPa -T2.41 -12.41 -12.41 -T2.41 -T2.41
(psi) (-1600) (-1600) (-1600) (-18600) (-1600)
F, MPa 226 TZA TZA 226 TZAT
(psi) (327.79) (-1600) (-1600) (227.79) (-1600)

OK OK OK OK OK
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Note: F; and F,, are allowable stresses at top and bottom respectively.

44 EN 1992-1-1:2004 (E ) Exp: 9.4 and 9.5(N)

45 ACI 318-11; Section 18.4
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Compression = 0.60 x 3000 = -1800 psi

B. Based on EC2

Tension = foi 5 = 2.26 MFa (322 psi)

Compression = 0.60 x 20.69 = -12.41 Mpa (-1800 psi)
Farthest fiber stresses are calculated in a similar man-
ner with to service condition as outlined earlier. The out-
come is summarized in table 9-1.

If in any of the above locations the stresses exceeded
the allowable values the following would have been
done.

@ 550" @ 170" @

3100 |, 3100 10507

4HTX110" ,'f—
‘ 12-1/2" @ strands
[ -,C 2#7 cont. 3HTX4-0"

229r|>\[\_/ ; :%IL[H_Q.,

& =

.
X 4H7x210" J as/| [0 Z Lo |25/
Toont. 347x18-0"

A A
D#4@22’ o.c. #@22" 0.c..
stagger ties
#@22" o.c.

srxarer [ 9050 4H7x13-0"
/ [ strands

* straight profile

6€vS1ld

Beam Elevation
FIGURE 10.1

PTS500

BT, TR

stirrups [T or, 1/

L——"

(a) Arrangement of unbonded tendons

I II II Z#(irebar

(b) Tendons support chairs

Placement of Tendons in Beam

FIGURE 10-2
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If compression stresses exceed the allowable value,
the design parameters must be modified to bring
the stresses within the code limits. If tensile stresses
exceed the allowable value, bonded additional rein-
forcement (nonprestressed, or prestressed) shall be
provided in the tensile zone to resist the total ten-
sion force in concrete computed with the assump-
tion of an uncracked section.

10 DETAILING

The final tendon and reinforcement layout for the park-
ing structure beam is shown in Figs. 10-1 through 10-2
below.
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