5100. Reinforced Concrete

¢ 5110 - Introduction: Materials & Design Methods

5150 - Column Design
Columns (ACI 2.1)

* Member with a ratio of height-to-least lateral

dimension exceeding 3 used primarily to support

, h axial compressive load
® 5120 - Moment Design of Beams
« 5130 - Shear Design of Beams  Shorter members may be unreinforced and treated
J as pedestal footings
. . )
* 5140 - Footing Design * Concrete compression members may be classified into
* 5150 - Column Design ) three categories:
* 5160 - Development & Splices of Reinforcement ) — Pedestals or short compression blocks
e 5170 - Strut and Tie Model — Short reinforced concrete columns
< — Long or slender reinforced concrete columns
* 5180 - Two-way Slabs
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Design of Concrete Structures Design of Concrete Structures
Columns - Types Columns - Types
* Tied columns * Spiral columns
A
— Usually square or i\ « Usually circular but can also be made =ﬂ§§,
rectangular, but can also be [ Trners into square, octagonal, or other ¢e=e=—T[ it of
made into octagonal, round ' shapes. For such columns, circular fﬁ%ﬁls spirel
’ 7 Vertical -]
bars arrangements of the bars are still Y S
L-shape, etc. o g IsI=1213 SN
— Reinforcing bars supported - S _ , mi=Iol
. ——— * Longitudinal reinforcing bars are V
by separate lateral ties. Traserse : :
™ arranged in a circle and wrapped by a
; N g spiral. ——Spiral
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* More expensive compared to tied
columns
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Design of Concrete Structures
Columns - Types

e Composite columns
— Steel encased concrete core

— Structural Steel shapes
encased in concrete and
further reinforced by
longitudinal & lateral
reinforcement
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Design of Concrete Structures
Columns - Types

e Comparison of load-deformation behavior of
tied and spirally bound columns

A
Spirally reinforced column
(mare ductile failure)

Load

)
Tied column
(relatively brittle
failure)

Midheight displacement or deformation
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Design of Concrete Structures
Column Design
* Same Basis/Assumptions as for Flexural Design
* Forces and Moments from Elastic Analysis

* Need to Consider:

— Effect of Axial Load/Variable Moment of Inertia on
Member Stiffness

— Effect of Deflections on Moments and Forces

— Effect of Duration of Load (Creep)
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* Maximum ultimate load P, on a concentrically
loaded short column given by:

* P,=0.85f (Ag -A,) + fy A
OR
* P,=A, [0.85 f. (1-p) + fy P]
* Where, p = Ast/Ag
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* Concentrically loaded columns are uncommon or
non existent and eccentricity may result from

(a) end conditions
(b) inaccuracy of manufacture

(c) variations of material even if load is concentric
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* In 1963 & 1971 codes specified minimum design
eccentricities so as to reduce the axial load design
strength of a section in pure compression to
account for accidental eccentricities. (not less
than 1 inch or 0.05h for spirally reinforced
members and 0.1h for tied columns - (h = overall
thickness of member)
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* In codes since 1977 the reduction is done directly by
limiting the design axial load strength of a section in
pure compression to 85% (spiral columns) or 80%
(tied columns) of the nominal strength

For Spiral Columns:

* Pomax = 0-85P = 0.85[0.85 . (A - A,) +f,A]

n(max) —

For Tied Columns:

* P (max) = 0-80P, = 0.80[0.85 f. (Ag- Ay) + 1, A4l

BMA Engineering, Inc. — 5000 11

Design of Concrete Structures
Column Design — Concentrically Loaded Rectangular Column

e Column Section at Ultimate Load

e' € N Strain
= |

(l'f

| h 1 :
ki 1 = )
L ' d : € € =
b .As : A e éf’u s T €=0.003
| B g s Loy

Ok ° 8 I : c ‘
Plastic . d
Centroid d _4 Stresses
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Design of Concrete Structures
Column Design — Concentrically Loaded Rectangular Column

* Column Section at Ultimate Load (cont’d)

Equivalent Stresses

€ Strain £,
| a=5’ ¢
0.85¢
f I fs
Stresses l T T l
: T C, C P

Resultant Forces
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* Failure may occur in tension or compression
(failure is dependent on the axial load level)

* At ultimate load in eccentrically loaded columns,
the compression steel usually reaches its yield
strength; hence, it is usual to assume that the
compression steel is yielding.
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* Assuming f =1,
— Equilibrium:

* P,=$[0.85f ab (d-0.5a) + A/f (d-d’)]

— Taking moments about tension steel:
* P e’ =[0.85f ab (d-0.5a) + A/f (d-d’)]

* e’ = eccentricity of ultimate load P, from centroid of tension steel

* e =eccentricity of P, from plastic centroid
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* Plastic Centroid

— centroid of resistance of section

* Assume uniform strain & maximum stresses (0.85 f_ for all the
concrete, f, for all the steel)

— point of application of external load that produces
an axially loaded condition at failure

* for symmetrically reinforced members, plastic centroid
= centroid of cross-section
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

* Plastic Centroid (cont’d)

— To locate plastic centroid, take moments about centroid of A,
* 0.85f bh (d - 0.5h) + As'fy (d-d’) = P d" = [0.85f bh + (A, + AS')fy]d"

d' = 0.85f’bh(d-0.5h)+Af,(d-d)

0.85f bh + (A, + A]) f,

— For the eccentrically loaded columns, take moments about

plastic centroid
* P,e=¢[0.85f ab (d-d"-0.5a) + A/f (d-d'-d") + Af, d']
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Design of Concrete Structures
Column Design — Concentrically Loaded Short Column

Plastic Centroid (cont’d)

— For balanced condition: steel reaches its yield strength when
the extreme fiber concrete reaches a compressive strain of
0.003 at the same time

From similar triangles
0.003 = f,/E_
¢, d-c,

or ¢, = 0.003Ed

f, + 0.003E;
¢, = ¢ at balanced condition
* a,=PB,¢c,= 0.003E B,d
fy + 0.003E,
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Design of Concrete Structures
Column Design — Columns in Pure Compression

e Recall

— For Spirally Reinforced Members,

* Poma) = 0-85P, = 0.85[0.85 . (A, - Ay) +f,A]

n(max)

— For Tied Reinforced Members,

= 0.80P, = 0.80[0.85 f, (A, - A,) +f,A,]

y Pn(max)
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Maximum Axial Strength

— Axial Force vs. Moment

A

pO

/

Pn[max) efh =0.05,0.10

Mn
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Design of Concrete Structures Design of Concrete Structures

Column Design — Columns in Pure Compression Column Design — Columns in Pure Compression
* Nominal Strength for combined Flexure & Axial Load * Nominal Strength for combined Flexure & Axial Load
- fi) " . i Su 20003 0 a5 e=0 o o
—— | t H
o o o f da[ el T c, EE 'f—-!T"j f—“"—1 Lo
fq';' w2 | c b - T T .
ik
EC=O_DDS:[ "% a3
As s=Ey J,”
b e o0 . —_—T eshe‘j:L/ i—n; %
€ = £y (Compression Controls) Strength centrolled oK
€ =2y (Balanced Conditon) fglgwepression bsérgptgnwﬁgrgﬁlggcrete Fg\r#grlggr%ggt

0005 =6, = £, (Transition)

g, = 0.005%, (Tension Controls) . . . 1
) ) o Strain Variation for Full Range of Load — Moment Interaction
Strain & Equivalent Stress Distribution
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Design of Concrete Structures Design of Concrete Structures
Column Design — Columns in Pure Compression Column Design — Columns in Pure Compression
* Nominal Strength for combined Flexure & Axial Load * Nominal Strength for combined Flexure & Axial Load
4 — ¢=0.7 + [(e-0.002)(200/3)]
L e=0 090} =
R _E""*m\ -~ Strength controlled by Spial s y
F “~.__Crushing of concrete ;;’g - —O—t - —:/_¢ _065 + (¢.0.002)(20013)
. / ner
=
‘5, / COﬂ‘PFQ?SiPn Transition . Te!’lSi.(.)I"I.
§ QQ // \ £ _Ccorirojieg conuojeq
7 P S/ —— 7 2= 0007 £,=0 005
5 e,” eooo“d)’/ £ _oem L 037
= VT e Strength controlled by 4, q,
< /a,,ib)// / yielding of reinforcement . _ . i 1 5
/- /: e=oo Interpolation on ¢ /d;: Spirald =0.70+0.20 [[C T ]_[E]]
My M, 1 5
Moment strength, M, Other ¢ =0.65+0.25 [[ H]—[;J}
Axial Load and Moment Interaction Diagram ¢ vs Net Tensile g, and c/dt for Grade 60 Steel
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Tension-Controlled Sections and Transition (ACI 10.3.4)

p = A./(bd,) = 03198, /f,
a, :BICt :OSHSBldt

o, = p;f" — 03198,
C, = 0.85f’ba, = 0.319,f’bd, ‘
M, =

nt

®,(1-0.590, )f’bd,?

T=Af =C, \
Ry =—"=0,1-0530)f
A, =0.319B,£d, /1, t
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Tension-Controlled Sections and Transition (ACI 10.3.4)

— Recall, design parameters for Tension Controlled Sections

#=3000 | £=4000 | £ =5000 | ££=6000 | £ =28000 | f. =10.000
B, =0.85 B, =0.85 B; =0.80 By =075 B;=0.65 B, =0.65
Rot 683 911 1084 1233 1455 1819
PRy 615 820 975 1109 1310 1637
o, 0.2709 0.2709 0.2550 0.2391 0.2072 0.2072
» |40 | 0.02032 0.02709 0.03187 0.03586 0.04144 0.05180
P |8 [60 ] 001355 0.01806 0.02125 0.02391 0.02762 0.03453
O (75| o0.01084 0.01445 0.01700 0.01912 0.02210 0.02762
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Design of Concrete Structures
Column Design — Columns in Pure Compression

18"

| |
. . . I |
* Interaction Diagram Calculations —Jg_"r
| e e o0
f. =3,750 psi ' \
f, = 50,000 psi 18"
E, = 2.8 x 107 psi | '
L ® & o o
2.57|
. 8-#10's
* Point 1: Zero Moment ) (A, =10,16/5q: 51
€. =.003in/in g,=5.0x 104 = .001724 in/in
2.9x107
P,=.85f A +Af, P =1506k
=.85(3.75)( 324 — 10.16) + 10.16(50) = 1506* M=0
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point 2: Balance Point —
1S

= oo "N " m Q on
55 00472
ol a= _85c=837"
001724 == X
l e T=A,f, =5.08(50) = 254*
= C c
T VR 0.85 f' = 3.188 ksi

C_.=.85f"_ab=23.188(8.37)(18) =480.2*

g/, =.003 (7.35/9.85) = .00224 in/in C,=ALf,
.. Comp Steel has Yielded

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point 2: Balance Point (cont’d)

P=C,+C.—-T
-2 5
/ J . P =254 + 480.2 -254 = 480.2k
&', 1.003
Bk I/v . S £ Moments (@ Plastic Centroid
| 155" a2=4.19 in.
3 i c., lc. M=(9-4.19)C, +65C, +6.5T
T M e (7 M e - 4.82(480.2) +2.(6,5) 254
I e =4678
P.C7 L 837
% "
P =480.2k=P,

M = 467.8%k= M,
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Design of Concrete Structures
Column Design — Columns in Pure Compression

¢ Point 3: Zero Axial Load (see analysis of doubly reinforced beams)

. 41.27) . ) N
= =——= =0182< p, .. Comp. Steel Has Not Yielded
18(15.5)
<(to - p‘):nm
85f' =3.188 ksi
) [ (=205 ]
:3.18(13){.35c:}—4(1,37)|'39,000(.093'>L = |—3,18J = {50(4)(1.27)}
c J
c=33141in
a=2817in

BMA Engineering, Inc. — 5000

30

Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point 3: Zero Axial Load (cont’d)

C.=161.62* =085f'_ab C, =92.38*, from:
T =254* C,=A,(f',-085f")
{ - 3
P=C,+C_ -T=0* < f"=8?LL dJEf‘_EEI.S?ksi
c ’
C, =4(1.27)(18.19) = 92.38*

N

M = 6.5(254) + 6.5(92.38k) + (9-1.41)(161.62)
=290%* (5 Moments @ Plastic Centroid)

P = 0
M = 2901

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point4: e =.003 in/in and g, =.003 in/in

glj
e = (5.25/7.75)(.003) = .00203 in/in %/
-. Comp Steel has Yielded 003 V e BT
a=.85(7.75) = 6.58 , -
i-_‘C__ ssd
T=C,=254% C_=3.188(6.58) (18) = 377
P =377
M = (9-3.29) 377 + 2(6.5)254 = 4541 P =377
P = 4541

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point 5: g, =.003 in/in and g, =.006 in/in

5'3
Lﬁ.lﬁ?"

C.=3.188(4.38) (18) = 251k C, =(.00155/.001724)(254) = 228k
T = 254k P=C +C —T=226k

g/ =(2.667/5.167)(.003) = .00155 in/in
.. Comp Steel has Not Yielded 006

a=.85(5.167) = 4.38” | 155
|'\

P = 226
M = 4041

M = (6.5)228 + (6.5)254 + (9-2.19)251 = 4541

33
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Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point 6: £_=.003 in/in and g,=0 in/in

C=15.5in.
a=.85(15.5) = 13.16 in.

C.=3.188 (4.38) (18) = 754k
T=0k P=C,+C —T=1008

C, = 254

P = 1008k
M = 289.5%k

M = (6.5)254 + (9-6.58)754 = 289,51
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34

Design of Concrete Structures
Column Design — Columns in Pure Compression

* Point7: e =.003 in/in and g,=.0005 in/in

C = (.003/.0035)(15.5) = 13.29 in.
a=.85(13.29) = 11.29 in.

C, = 254k
P=C,+C.—T=824k

C. = 3.188 (11.29) (18) = 646k
T = (.0005/.001724)(254) = 76.1*

P = 824
M = 3641

M = (6.5)254 + 6.5(76.1) + (9-5.65)646 = 3641
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Design of Concrete Structures
Column Design — Columns in Pure Compression

1600

O
1400 \
X ~.
=

INTERACTION DIAGRAM

G

0
0 100 200 300 400 500 600
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Design of Concrete Structures
Column Design — Columns in Pure Compression

Po

L Nominal strength (¢ = 1.0)

$Ps L

0.80¢P,
? Design strength

Axial Load Strengih, Py

compression-controlled limit

/ - tension-controlled limit

oMn Mn

Moment Strength, M,

Design Load-Moment Strength Diagram (lied column)

Design of Concrete Structures
Column Design — Design for Reinforcement

* Select reinforcement for a 10in x 25in (A, = 250in?) tied

reinforced column section using Interaction Diagrams.

— Neglect Slenderness
— Required Strength: f =5,000 psi

* P, =290%and M, (about strong axis) = 315k f, = 60,000 psi

— Compute K, =P,/ (df’A,) =290/(.65%5*250) = .357

— Compute R =P, e/ (df’ A, h)=315%12/(.65*5*250*25)=.186

— Estimate y y=(h-5)/h=25-5/25=.8
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Design of Concrete Structures Design of Concrete Structures
Column Design — Design for Reinforcement (cont’d) Column Design — Design for Reinforcement (cont’d)
* For a rectangular section Pl = =y i e Select Lateral Ties
with bars along two faces, . * Use #3 ties with #10 longitudinal bars.
* f/ =5ksi M S han: | 16
) ing n r r n: | 16(1.27)=20.3"
+ f,= 60,000 ksi \ NN , pacing not greater tha 6(1.27)=20.3
cy=.8 P \ o # @10 48 (0.375) = 18”
— Find p,=.019 o R NN N : Column Size = 10”
04 .3- " \.? \\F. \_\ , . 10" L
* Ag= P e E | 112" ] @) =10
= .019(250) = 4.75 in2 EPL“ -:-U; 010 015 020 025 0% nfsa 040 045 050 ’
* Select (4) #10 bars (A, = 5.08 in2) | an 4
BMA Engineering, Inc. — 5000 39 BMA Engineering, Inc. — 5000 40




Design of Concrete Structures
Column Design — Slender Columns

* For design use ACl 10.10-10.14

— ACI 10. 10 — Slenderness Effects in Compression

— ACI 10.11 — Magnified Moments

— ACI 10.12 — Magnified Moments — Non-Sway Frames
— ACI 10.13 — Magnified Moments — Sway Frames

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Slender Columns

1) Braced vs. unbraced (Non-Sway vs. Sway)

* Most columns are neither completely braced or
completely unbraced.

1. A column is assumed to be non-sway (braced) if the
increase in column end moments due to second-order
effects does not exceed 5% of the first-order end
moments (ACI 10.11.4.1)

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Slender Columns

1) Braced vs. unbraced (cont’d)

2. Also a story within a structure is assumed non-sway if

2PuA,
Q =

v, = 0.05

(ACI 10.11.4.2)

P, = total vertical load

* V, = story shear

* A, =first-order relative deflection between the top and bottom
of that story due to V,

* |.=length of compression member in a frame, measured from

center to center of the joints in the frame.

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Slender Columns

II) Braced (Non-Sway) Frames

(a) Slenderness
* Slenderness effects neglected when,

Kl/r < 34-12(M/M,)

(ACI 10-7)

* M,/M, is not taken less than -0.5

* M, = smaller factored end moment (positive if member is in
single curvature, negative if bent in double curvature)

* M, = larger factored end moment (always positive)

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Slender Columns

Il) Braced (Non-Sway) Frames (cont’d)

(a) Slenderness (cont’d)
* Slenderness effects neglected when,

Kl/r < 34-12(M/M,)

(ACI 10-7)

* k= effective length factor (AcCl 10.12.1)

— shall be taken as 1.0 unless analysis shows that a lower value is justified
(equations in ACI R10.12.1 or the Jackson and Moreland Alignment
Charts may be used)

* |, =unsupported length (ACI 10.11.3.1 and 10.11.3.2)

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Column Design — Slender Columns

Il) Braced (Non-Sway) Frames (cont’d)

(a) Slenderness (cont’d)
* Slenderness effects neglected when,

Ki,/r < 34-12(M,/M,)

* r=radius of gyration = (I,/A,)** and may be taken as

— 0.3 times the dimension in the direction of analysis for a rectangular
section and 0.25 times the diameter of a circular section (ACI 10.11.2)

(ACI 10-7)

h r=03h
b r=0.3b

r= (L/A)®

N r=0.25D
BMA Engineering, Inc. — 5000 46

Design of Concrete Structures
Column Design — Slender Columns

II) Braced (Non-Sway) Frames (cont’d)
(b) Design

* Braced columns shall be designed for factored axial load
P, and amplified moment M

Mc = 6ns'VIZ

(ACI 10-8)

* 3, is a moment magnification factor that reflects effects of
member curvature between ends of member

(ACI 10-9)

BMA Engineering, Inc. — 5000

47

5100. Reinforced Concrete

® 5110 - Introduction: Materials & Design Methods

J

¢ 5120 - Moment Design of Beams
® 5130 - Shear Design of Beams

VAN

¢ 5140 - Footing Design
¢ 5150 - Column Design

VAN

® 5160 - Development & Splices of Reinforcement
e 5170 - Strut and Tie Model

* 5180 - Two-way Slabs
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5160 - Development & Splices of Reinforcement

* Deformed Bars and Wires In Tension

— The Code requires that the distance from the
point of peak stress to the near end of a bar be
equal to or exceed the development length, €,

— 24 is the minimum embedment length required to
anchor a bar that is stressed to the yield point

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

* Deformed Bars and Wires In Tension (cont’d)

3 WL, (ACI 12-1)
£y = development length, in. by = EA_LA/FW
) ) o o tr
e d, = nominal diameter of bar or wire, in. (Tb-)
. f = specified compressive strength of concrete, psi
A = specified yield strength of nonprestressed bar or wire, psi
* y, =reinforcement location factor
= 1.3 for horizontal reinforcement so placed that more than 12 in. of fresh
concrete is cast below the bar being developed or spliced
= 1.0 for other reinforcement
* A = lightweight aggregate concrete factor
= 1.3 when lightweight aggregate concrete is used, or
= 6.7(f.)%5 [ f, but not less than 1.0, when f, is specified
= 1.0 for normal weight concrete
BMA Engineering, Inc. — 5000 50

Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

* Deformed Bars and Wires In Tension (cont’d)

f (ACI 12-1)
1 ]: ‘I’t‘lle‘lls

. = reinforcement size factor by =
Vs d7 140, £ (Cp+ Ky
= 1.0 for #7 and larger bars —d.
= 0.8 for #6 and smaller bars and deformed wires b
* y, = coating factor

= 1.5 for epoxy-coated bars or wires with cover less than 3d, or clear spacing
less than 6d,
= 1.0 for uncoated reinforcement
* The product of y, and y, need not be taken greater than 1.7
Lo = spacing or cover dimension, in.
= the smaller of (1) distance from center of bar or wire being developed to the
nearest concrete surface, and (2) one-half the center-to-center spacing of bars
or wires being developed

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

* Deformed Bars and Wires In Tension (cont’d)

f (ACI 12-1)
1 !i thQwS

* K, = transverse reinforcementindex (g = 40/1“/2 c, + K,
= Auf (Tb'j
1500sn
Where,
c A = total cross-sectional area of all transverse reinforcement which is within the

tr
spacing s and which crosses the potential plane of splitting through the

reinforcement being developed, in.2

* f.  =specified yield strength of transverse reinforcement, psi
* s = maximum spacing of transverse reinforcement within I, center-to-center, in.
* n = number of bars or wires being developed along the plane of splitting
BMA Engineering, Inc. — 5000 52




Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

Deformed Bars and Wires In Tension (cont’d)

f (ACI 12-1)
3 Ty WiVeV¥s

(ACI12.2.3)  lg = 40%/@(%;, Ktr]
d,

[(cy + Ky)/dp] 2.5

As a design simplification, it is conservative to assume K,, = 0, even if transverse
reinforcement is present. If a clear cover of 2d, and a clear spacing between bars
", n

being developed of 4d, is provided, variable “c,” would equal 2.5d,. For the
preceeding conditions, even if K, = 0, the term [(c,, + K,)/d,] would equal 2.5

The term [(c, + K,,)/d,]

in the denominator of Eq. (12-1) accounts for the effects of small cover, close bar
spacing, and confinement provided by transverse reinforcement.
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Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

* Deformed Bars and Wires In Tension (cont’d)

Bars Y
Vi

A B Bars X
. . . . - L A
* Spacing criteria for bars being developed | ' |
. : | ——
(for calculating c,) ’. | = JI( |
( - q
| /8
1 ]
Single layer — Plan View
\ I — A Bars X (cont u
| EN ]
= |
i
gl
&
(Bars Y)
Elevation View
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Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

* Deformed Bars and Wires In Tension (cont’d)

Minimum cover

i satisfying Section 7.7.1

g

| [ =)
|
| A
Potential plane ‘
of splitting — 71— — 4 bars confinuous
|
1
=2 bars b - —J
devaloped =
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Design of Concrete Structures
Development and Splices of Reinforcement (cont’d) -
* Note (a): Portion of total -

negative reinforcement (A,’)
must be continuous (or spliced
with a Class A splice or a
mechanical or welded splice
satisfying 12.14.3) along full
length of perimeter beams
(7.13.2.2)

* (a) Negative moment
reinforcement

* Figure — Development of
positive and negative moment I Col 1 -
reinforcement T g e I i ol T U
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Design of Concrete Structures
Development and Splices othinfG{rcemenHeontH) -

* Note (b): Portion of total positive

reinforcement (A,") must be N A

continuous (or spliced with a Class
A splice or a mechanical or welded
splice satisfying 12.14.3) along full

length of perimeter beams and of
beams without closed stirrups
(7.13.2.2) & (7.13.2.4)

* (b) positive moment reinforcement

* Figure — Development of positive
moment reinforcement
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57

Design of Concrete Structures
Development and Splices of Reinforcement (cont’d)

* Development Length Requirements at
[ | ~ Simple Support (straight bars)

| \——— —_— -
* Concept for Determining Maximum '_ for 124, .
size of Bars “a” at Point of Inflection 1 7 ] %
(12.11.3) T e——————0
o _|_ le o -
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5100. Reinforced Concrete

¢ 5110 - Introduction: Materials & Design Methods

\
¢ 5120 - Moment Design of Beams
® 5130 - Shear Design of Beams

J
¢ 5140 - Footing Design )
¢ 5150 - Column Design )
¢ 5160 - Development & Splices of Reinforcement )
e 5170 - Strut and Tie Model )

* 5180 - Two-way Slabs
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5170 - Strut and Tie Model

* Introduction

e The beam theory of reinforced concrete is based on
linear strain distribution which results in plane sections
remaining plane

— This assumption is not valid for design problems such as
deeps beam or in areas where there are discontinuities of
load or member cross section
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Design of Concrete Structures
Strut — And — Tie Design

* St. Venant’s principle states that strains induced by
discontinuities in load or in member cross section vary in
approximately linear fashion at distances greater than or
equal to the greatest cross-sectional dimension h from the
point of load application. Therefore, St. Venant’s principle
does not apply at locations closer than the distance h to
discontinuities in applied load or geometry

* Thus reinforced concrete members may be divided into
zones where beam theory is valid (B regions) and zones of
discontinuities (or disturbances) where beam theory is not
valid (D regions)
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Design of Concrete Structures
Strut — And — Tie Design

* The strut-and-tie model was introduced to facilitate
design of D regions but may also be used in B regions.
The strut-and-tie model represents the D regions with
a truss system, consisting of compression struts and
tension ties connected at nodes

* The strut-and-tie model evolved in the 1980’s and was
first introduced through Appendix A in ACI 318-02. The
use of strut-and-tie models in ACI 318-08 is permitted
to be used in the design of structural concrete through
AClI 8.3.4
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Design of Concrete Structures
Strut — And — Tie Design

* Examples of B-regions and D-regions are shown below

L | ?
Lﬂ l:::‘; | # SRR NNIRRRNInY
\/' h :

™~ B-region

)
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Design of Concrete Structures
Strut — And — Tie Design

* Definitions

— Deep Beams — According to ACI 10.7 deep beams may be
designed by either taking into account the nonlinear
distribution of strain or by using the strut-and-tie method of
Appendix A

* Deep beams are members loaded on one face and supported on
the opposite face so that compression struts can develop
between the loads and the supports and have either

a) Clear spans, |, equal to or less than four times the overall member depth;

7 'ny

b) Regions with concentrated loads within twice the member depth from the
face of the support
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Design of Concrete Structures
Strut — And — Tie Design

e Examples of D-regions in deep and slender beams are

Design of Concrete Structures
Strut — And — Tie Design — Deep Beam Examples

e Deep Beam Under Concentrated Load

ShOWh beIOW D-regions J_‘
VAN
1 i I 1 Ly : 1 ‘ . /ﬂ‘\ mpression
i IStmt i é\:y\: lh (/Col'npneﬁsion ‘l'm' A //f/ “\‘ \/\crJ i =
) I a,=2h ‘I I‘ a, = 2;} f N Tension
Strut l D-region Min. of 25 deg | Tension L
; N ! 5 (b) Shear span, a, = 2h, limit for a deep beam | & E
I |
. v ,|. ay _T D-region D-regio (@) Steess trajectories. © E;};:;‘n?:l;;t‘l:agl?:g:ls at midspan. (6) Trues modot
(a) Shear span, a,< 2h, deep beam i ; 7 \\ i EB-riegion ’,7| '_L
: : l : : : 7%= Crushing /\\
: . B | a
! . b ' £
L h | leh 4 / \\
a,>2h ! a,>2h 1:: \ |
(c) Shear span, a, = 2h, slender beam i
BMA Engineering, Inc. — 5000 65 BMA Engineering, Inc. — 5000 {d) Crack paitern in test. (&) Simplified truss. 66
Design of Concrete Structures Design of Concrete Structures
Strut — And — Tie Design — Deep Beam Examples Strut — And — Tie Design — Deep Beam Examples
* Uniformly Loaded Deep Beam o * Deep Beam with bottom edge loading
Atmidspan, AL 14 point l 1
R T | ;
f mpressiony I }_ -\ - mpressior
Comp / \ ) / \\/ Comp
Tensio L f N \ / \ Tension
— Ty 0T
o Stres rajecoren. O e e, @ T < ) Sress taiectones. P
T
RN -
L | _11)1‘ ﬁ\
r A {‘ \ I. Crushing
T IR THHH T
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Design of Concrete Structures
Strut — And — Tie Design

* Definitions (cont’d)
— Struts — In the strut-and-tie model the struts represent
the compression elements that result from the

which may be bottle shaped are typically idealized as

differs at the two ends of a strut due either to different
nodal zone strengths at the two ends, or to different
bearing lengths, the strut may be idealized as a
uniformly tapered compression-member

BMA Engineering, Inc. — 5000

resultants of compression fields. The compression struts

prismatic struts. If the effective compression strength f_,

69

Design of Concrete Structures
Strut — And — Tie Design

* Definitions (cont’d)

— Ties — Ties consist of reinforcing and/or prestressing steel and
the surrounding concrete that is concentric with the axis of
the ties. Although the concrete is neglected in design, it does
reduce the elongation of the tie (tension stiffening),
especially under service loads

— Nodes — A node is the point in a joint in a strut-and-tie model
where the axes of the struts, ties, and concentrated forces
acting on the joint intersect. Nodes are classified based on
the forces acting at the joint as C-C-C. C-C-T, C-T-T or T-T-T
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Design of Concrete Structures
Strut — And — Tie Design

]

* Shapes of Struts s &

,-_----f--.) ><l (a) Idealized prismatic strut.
y L
4 7B o
/ ( _ , -.
_— | a— N

FTEX
—_— pre
| | P
c - 1
1 AN \
(b) Bottle-shaped strut. o/

L

(c) Strut-and-tie mode! of a bottle-shaped strut

Fa
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Design of Concrete Structures
Strut — And — Tie Design

* Shapes of Struts, Ties, Nodes

— Node

P — Bottle-shaped strut
1 / ;
vl i .l 4

\\

——+— |dealized prismatic strut

Modal zone — —c

\>
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Design of Concrete Structures
Strut — And — Tie Design

* Compression Fans and Compression Fields

Compression fan l Compression fan
—_— A
R s L R R T S A N S e
y ’ - - AN ~ ~ ~ ~ N )
; ; - -~ ’ ///; \\\\ ~ ~ \\ \
' A\ Y
! 4 /, ,’ ’// /// /// # A \\_\ \\.\ \\_\ \\_\ \\ b \
!-" // - i - - - // ! Y N | ~ ~ ~ L RS
/ Y N
Vot y - -~ -~ - Vi \ ~ ~ ~ ~ ~.N
r"//’ -7 -7 -7 -7 s ! h ~ S e N M “\\:\\

T Compression field Compression fan Compression field T

* Strut-and-tie models may include struts as part of
compression fans or compression fields.
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Design of Concrete Structures
Strut — And — Tie Design

* Definitions (cont’d)

— Nodal Zones - A nodal zone is the volume of concrete around
a node that is assumed to transfer strut-and-tie forces
through the node. Early strut-and-tie models used
hydrostatic nodal zones but these have been recently
replaced by extended nodal zones

G

R (a) Nodal zone
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Design of Concrete Structures
Strut — And — Tie Design

* Definitions (cont’d)

— Hydrostatic Nodal Zones - are considered to be in a state of
hydrostatic compression. Both tensile and compression forces
place nodes in compression because tensile forces are treated as if
they pass through the node and apply a compressive force on the
anchorage face

— The dimension of one side of the nodal zone is often determined
based on the contact area of the load such as bearing plate,
column vase, or beam support. The dimensions of the remaining
sides are obtained by requiring that the same level of stress be
maintained within the node
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Design of Concrete Structures
Strut — And — Tie Design

* Hydrostatic Nodal Zone

i,

I,

Wos

L=
/
CiCrCG=w, i W, W, 5
* Hydrostatic compression implies that the sides of the nodal
zones (W,;, W,,, W, ;) are proportional to the strut forces (C,, C,,
C,) [This is not a true hydrostatic state since the out-of-plane
stresses are not required to be also equal]
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Design of Concrete Structures
Strut — And — Tie Design

* Definitions (cont’d)

» Extended Nodal Zone - The length of hydrostatic zone is often not
adequate to allow for anchorage of the reinforcement (Nilson, et. al.).
Thus the extended nodal zone bounded by the intersection of the
nodal zone and the associated strut is used (Fig. 9). It increases the
length within which the tensile force from the tie can be transferred to
the concrete. Ties may be developed outside the nodal and extended
nodal zones if needed, as shown in Fig. 9. Nodal zones may be
subdivided as shown in Fig. 10 to simplify calculations. The reaction R
may be divided into R,, which equilibrates the vertical component of
C, and R,, which equilibrates the vertical component of the force C, as
shown in Fig. 10.
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Design of Concrete Structures
Strut — And — Tie Design

 Extended Nodal Zones

w = wycos@ + £y sing

w;Cos6 %\
N

fbsme

.:h
I
I
’ Extended
. i | \ / nodal zclme/ ’
1 n I §
1
T Extended i W | _\T___ / ’
W . nodal zone j [
| Fm T | Noda\ / I
I/ Nodal zone / \ / zone
- | — [ VAT ;
l t—] —— - f 7 I Critical section for
b= | development of
£anc seeA 4.3.2 ' tie reinforcement
Lanc, SEEAL.3.2
(2) One fayer of steel (b) Distributed steel
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Design of Concrete Structures
Strut — And — Tie Design

e Subdivision of Nodal Zones

C,

R (b) Subdivided nodal zone

(a) Nodal zone
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Design of Concrete Structures
Strut — And — Tie Model Design Procedure

* The steps involved in the strut-and-tie method of
design may be summarized as follows:

1. Identify the D-regions
2. Compute the force resultants on each D-region boundary

3. Select a truss model to transfer the resultant forces,
across the D-region such that the axes of the struts and
ties are oriented to approximately follow the axes of the
compression and tension stress fields
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Design of Concrete Structures
Strut — And — Tie Model Design Procedure

* Steps (cont’d)
4. Determine the forces in members of the truss model

5. Using the forces calculated in Step 4, and the effective
concrete strengths (see ACI A.3.2 and A.5.2), determine
the effective width of the struts and nodal zones

6. Design the ties (see ACI A.4.1) and detail the
reinforcement for proper anchorage in the nodal zones
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Design of Concrete Structures
Strut — And — Tie Model Design Procedure

* ACI provisions for strut-and-ties design of concrete
elements requires that,

oF, 2 F,

where
* ¢ = strength reduction factor (= 0.75, see ACI 9.3.2.6)

* F, = nominal capacity of strut, tie, or nodal zone

* F, =factored force acting in strut, tie, bearing area, or
nodal zone
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Design of Concrete Structures
Strut — And — Tie Model Design Procedure

* |n addition to satisfying strength limit states using the
strut-and-ties model, serviceability requirements need
to be considered. Traditional elastic analysis can be
used for deflection checks. Crack control provisions
given in ACI 10.6.4

* The limit on nominal shear strength of deep beams
given in ACI 11.8.3 needs to be checked before
embarking on detailed design of deep beams
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Design of Concrete Structures
Strut — And — Tie Model Design Procedure

* The strut-and-tie model for a given structure is not
unique. However, some rules need to be followed. For
example the angle , between the axes of any strut and
any tie entering a single node shall not be taken as less
than 25 degrees (ACI A.2.5). This mitigates cracking
problems and avoids incompatibilities due to
shortening of the struts and lengthening of the ties in
almost the same direction
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Struts

e The nominal compressive strength of a strut without
longitudinal reinforcement shall be taken as,

Fns = fce ACS
at the weaker end of the compression member

* A = cross-sectional area at one end of the strut

* f. = the smaller of the effective compressive strength of
the concrete in the strut (ACI A.3.2) or in the nodal zone
(ACI A.5.2)
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Struts (cont’d)

* Instruts, f,=0.858f' (ACI A-3)

where B, =1.0 for strut with uniform cross section;

=0.75 for bottle-shaped struts with
reinforcement satisfying ACI A.3.3;

=0.60L for bottle-shaped struts without
reinforcement satisfying ACI A.3.3
(A is given in ACI 8.6.1);

=0.40 for struts in tension members, or the
tension flanges of members; and

=0.60A  forall other cases

Design of Concrete Structures
Strut — And — Tie Design — Strength of Struts (cont’d)

* To allow for = 0.75, for concrete strength not exceeding
6000 psi, the reinforcement ratio needed to cross the
strut is:

(ACI Eqg. A-4)

—s >

S7i
* where A, is the total area of reinforcement at spacing s,
in the ith layer of reinforcement crossing a strut at an
angle ; to the axis of the strut and b, is the width of the
strut
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Struts (cont’d)

* Reinforcement crossing a strut (ACI RA.3.3)

Crack —_
\/

* Strength of struts may be
increased by providing /

o
”
Y
[

compression reinforcement
— Parallel to axis of strut - /

— must be properly anchored Lot /
— enclose in ties or spirals ' /
(ACI 7.10) / '
' ~ //
/U Nt

3
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Struts (cont’d)

e The nominal strength of such longitudinally reinforced
strut is,

Fos = FeeA

ce’ 'Cs

+ A/

* The stress f." in the reinforcement in a strut at nominal
strength can be obtained from the strains in the strut
when the strut crushes. For Grade 40 or 60
reinforcement, f’ can be taken as f, (ACI RA.3.5)
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties

* The nominal strength of ties F,, is taken as the sum of
the strengths of the reinforcing steel and prestressing
steel within the tie.

Foe = Agf, + A(fe + AF)

where

L]

A, = area of reinforcing steel;

f, = yield strength of reinforcing steel;

A, = area of prestressing steel, if any;

f.e = effective stress in prestressing steel; and
¢ f, =increase in prestressing steel stress due to factored load
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties (cont’d)

* The sum f , + Af, must be less than or equal to the
yield stress of the prestressing reinforcement f . For
nonprestressed members, A ¢ = 0. The value of Af, may
be found by analysis or a value of 60 ksi maybe used
for bonded tendons and 10 ksi may be used for
unbonded tendons
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties (cont’d)

* The effective tie width assumed in design, w,, can vary
between the following limits, depending on the
distribution of the tie reinforcement:

ws = w;cosg + £y sing
a) If the bars in the tie are %\
in one layer, the effective ieoss NN
. . - / C ising

tie width can be taken as </

the diameter of the bars in /./ . >/

the tie plus twice the cover /

to the surface of the bars; l Mﬁf?ﬂzf‘m / )

4 I/ Nodal zone A\‘: 1[_
.

g

[ £anc, SEEA4.3.2

(a) One layer of steel
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties (cont’d)

e A practical upper limit of the tie width can be taken as
the width corresponding to the width in a hydrostatic

nodal zone, calculated as: /
&“’39

Wt max _Fnt/( ce S) W&
/7 f

* Where f_ is computed for the nodal 5
X !

|4

zone in accordance with ACI A.5.2

* If the tie width exceeds the value w| X - T
from (a), the tie reinforcement | /;‘g:;\ v | |
istri i LT AVAGES ]
should be distributed approximately | o R
uniformly over the width and thickness :ET o reFrcamant
. ~Lanc, See A4.3.2
of the tie (b) Distributed stoel
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties (cont’d)

* ACI RA.4.3 states that:

— Anchorage of ties often requires special attention in nodal
zones of corbels or in nodal zones adjacent to exterior
supports of deep beams. The reinforcement in a tie should
be anchored before it leaves the extended nodal zone at the
point defined by the intersection of the centroid of the bars
in the tie and the extensions of the outlines of either the
strut or the bearing area. This length is ¢,
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties (cont’d)

* ACIRA.4.3 (cont’d) states that:

— Some of the anchorage may be achieved by extending the
reinforcement though the nodal zone and developing it
beyond the nodal zone. If the tie is anchored using 90 degree
hooks, the hooks should be confined within the
reinforcement extending into the beam from the supporting
member to avoid cracking along the outside of the hooks in
the support region.
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Ties (cont’d)

* Figure shows two ties anchored at a nodal zone.
Development is required where the centroid of the tie
crosses the outline of the extended nodal zone

e The development length of r Ax'“fs””t\ o
the tie reinforcement can be f Te
/— |e /
reduced through hooks, ’ g
. . . Nodal | Extended
mechanical devices, additional [\ gggg'
. .. . 7 ~Tie W
confinement, or by splicing it ’ : =l
; e | T ? —Is
with several layers of smaller bars == \

£ anc

Fig. RA4.3—Exiended nodal zone anchoring two fies.
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Design of Concrete Structures
Strut — And — Tie Design — Strength of Nodal Zones

e The nominal compression strength of a nodal zone, F,,
shall be

Fon = foeA

Pz (ACI Eq. A-7)

* where f_, is the effective compressive strength of the concrete
in the nodal zone and A, is the smaller of (a) and (b):

a) the area of the face of the nodal zone on which F, acts, taken
perpendicular to the line of action F;

b) the area of a section through the nodal zone taken perpendicular
to the line of action of the resultant force on the section
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Design of Concrete Structures
Strut — And - Tie Design — Strength of Nodal Zones (cont’d)

* Unless confining reinforcement is provided within the
nodal zone and its effect is supported by tests and
analysis, the calculated effective compressive stress, f_,
on a face of a nodal zone due to the strut-and-tie
forces shall not exceed the value given by:

f_=0.85pf’

* where the value of 3, is a factor that reflects the
degree of disruption in nodal zones
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Design of Concrete Structures
Strut — And - Tie Design — Strength of Nodal Zones (cont’d)

* The sign of forces acting on the node influences the
capacity at the nodal zones as reflected by the 3, value.
The presence of tensile stresses due to ties decreases
the nodal zone concrete strength

* B,=1.0in nodal zones bounded by struts or bearing area
(e.g., C-C-C- nodes)

* B, =0.8in nodal zones anchoring one tie
(e.g., C-C-T nodes)

* B,=0.6in nodal zones anchoring two or more ties
(e.g., C-T-T or T-T-T nodes)
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Design of Concrete Structures
Strut — And — Tie Design — Shear Requirements

* Shear Requirements for Deep Beams

e ACI 11.8.3 specifies that the nominal shear in a deep
beam may not exceed 10(\/fc’)bwd, where b, is the
width of the web and d is the effective depth. ACI
11.8.4 and 11.8.5 provide minimum steel requirements
for horizontal and vertical reinforcement in deep
beams. Provisions of ACI 11.8.6 may be used instead of
satisfying the requirements in 11.8.4 and 11.8.5
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member

* Determine the required reinforcement for the
simply supported transfer girder shown. The single
column at midspan subjects the girder to 180 kips
dead load and 250 kips live load

20"
]
© ] f, =4000 psi
B | Grade 60
3 I
(-D 1}
= ® ®
20" = «“ 6-0" 6'-0" |i/\:‘ =/
16" © 16"
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 1. Calculate factored load and reactions

— The transfer girder dead load is conservatively lumped
to the column load at midspan

* Transfer girder dead load is
* 5(20/12) [6+ 6 +(32/12)] 0.15 = 18.5 kips

* P,=1.2D+1.6L = 1.2(18.5+180) + (1.6)250 = 640 kips
(ACI Eq. 9-2)

* R, =R, = 640/2 = 320 kips
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 2. Determine if this beam satisfies the definition
of a “deep beam”

— Overall girder height h =5 ft

— Clear span¢, =12 ft

* Member is a “deep beam” and will be designed using
Appendix A
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 3. Check the maximum shear capacity of the cross
section

— V, =320 kips
— Maximum ¢V, = $(10V[f.] b,d)

= 0.75(10 V[4000] x 20 x 0.9 x 54)/1000 = 512 kips >V,  O.K.
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 4. Establish truss model

— Assume that the nodes coincide with the centerline of the columns
(supports), and are located 5 in. from the upper or lower edge of the
beam as shown. The strut-and-tie model consists of two struts (A-C
and B-C), one tie (A-B), and three nodes (A, B, and C). In addition,
columns at A and B act as struts representing reactions. The vertical
strut at the top of Node C represents the applied load

5"

G
80" | 80" |
\/
@|;l/1|640 kips
-~ - ~
- - ~ ~
- ~
-~ ~

%
ot B[ G
4”1\:|320 Kips 4“ 320 kips
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

» Step 4. Establish truss model (cont’d)

— The length of the diagonal struts = V[502 + 802] = 94.3 in.

— The force in the diagonal struts = 320*(94.3/50) = 603 kips

— The force in the horizontal tie = 320*(80/50) = 512 kips

— Verify the angle between axis of strut and tie entering Node A

— The angle between the diagonal struts and the horizontal tie =
tan! (50/80) =32°>25° O.K.
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 5. Calculate the effective concrete strength (f_.) for the struts
— Assume reinforcement is provided to resist splitting forces

— For the “bottle-shaped” Struts A-C & B-C
f_, = 0.85B.f.' = 0.85 x 0.75 x 4000 = 2550 psi (ACI Eq. A-3)

— where B, = 0.75 per A.3.2.2(a)

* Note, this effective compressive strength cannot exceed the strength of
the nodes at both ends of the strut. See A.3.1

— The vertical struts at A, B, and C, have uniform cross-sectional area
throughout their length

f_ = 0.85p.f." = 0.85 x 1.0 x 4000 = 3400 psi (ACI Eq. A-3)

— where B, =1.0 perA.3.2.1
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 6. Calculate the effective concrete strength (f_.) for
Nodal Zones A, B, & C
* Nodal Zone Cis bounded by three struts

— So this is a C-C-C nodal zone with B, = 1.0

f=0.858, f.' = 0.85 x 1.00 x 4000 = 3400 psi

A5.2.1
(ACI Eq. A-8)
— Nodal Zones A and B are bounded by two struts and a tie.
* For a C-C-T node:
- B,=0.80
f..=0.85B,f. =0.85x 1.00 x 4000 = 3400 psi

A5.2.2
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 7. Check strength at Node C

— Assume that a hydrostatic nodal zone is formed at Node C.
This means that the faces of the nodal zone are
perpendicular to the axis of the respective struts, and that
the stresses are identical on all faces

— To satisfy the strength criteria for all three struts and the
node, the minimum nodal face dimension is determined
based on the least strength value of f_, = 2550 psi, thus,
governed by the bottle-shaped diagonal struts. The same
strength value will be used for Nodes A and B as well

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

» Step 7. Check strength at Node C (cont’d)

* The strength checks for all components of the strut and tie model

are based on
¢F,2F,

— where ¢ = 0.75 for struts, ties, and nodes

(ACI Eq. A-1)
9.3.2.6

* The length of the horizontal face of Nodal Zone C is calculated as

640,000
0.75 x 2550 x 20

= 16.7 in. (less than column width of 20 in.)

* The length of the other faces, perpendicular to the diagonal struts,

can be obtained from proportionality: 603

x —— = 15.7 in.
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

» Step 8. Check truss geometry

* The center of the nodal zone is at 4.0 in.
| from the top of the beam, which is very
| close to the assumed 5 in.
|

\
/
p—13.4"

| A
—8.4"—

Figure Geometry of Node C Figure Geometry of Node A
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 8. Check truss geometry (cont’d)

¢ The horizontal tie should exert a force on this node to create a
stress of 2550 psi

— Thus size of the vertical face of the nodal zone is

512,000
0.75 x 2550 x 20

= 134 in.

e The center of the tie is located 13.4/2 = 6.7 in. from the bottom of
the beam. This is reasonably close to the 5 in. originally assumed,
so no further iteration is warranted

320.000

0.75 x 2550 x 20

* Width of node at Support A

=84 In.
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 9. Provide vertical and horizontal reinforcement of diagonal
struts
— The angle between the vertical ties and the struts is 90° - 32° = 58°
(sin 589 = 0.85)
* Try two overlapping No. 4 ties @ 12 in. O.C.

(to accommodate the longitudinal tie reinforcement)

g . 4 % 0.20
sinol =
bes; 20 x 12
* And No. 5 horizontal bars @ 12 in. O.C. on each side face (sin 32° = 0.53)
2 x 0.31
20 x 12

x 0.85=0.00283

x 0.53 = 0.00137

Ag
L —%sino; = 0.00283 + 0.00137 = 0.0042 > 0.003 O.K.

sSi
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 10. Provide horizontal reinforcing steel for the tie

—

TN

NN
/ /\-\gu&?‘—-\
e NL
F, 512 2 -
Agpg = -4 = ———— = 11.4in? DALY .
ST gf, 075 x 60 A &k \\W )
. Nodal & Y k% ey M w=ra
Select 16 -No. 8 A, = 12.64 in.2 20ne ereZ N N N Exitpoint % .
AN | .
A0

| a4z | oo | %=10.7"

* These bars must be properly anchored. The anchorage length (¢,,,.) is to be
measured from the point where the tie exits the extended nodal zone as shown
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

Step 10. Provide horizontal reinforcing steel for the tie (cont’d)

Distance x = 6.7/tan 32 =10.7 in.
— Available space for a straight bar embedment

10.7 +4.2 + 8- 2.0 (cover) =20.9 in.
— This length is inadequate to develop a straight No. 8 bar

* Development length for a No. 8 bar with a standard 90 deg. Hook

Note: the 90 degree hooks will be
enclosed within the column
reinforcement that extends in the
transfer girder

Can = (0,02 fy /2T ) dyy
= (0.02(1.0)60,000/(1.0)4/4000 ) 1.0

=19.0<209in. O.K.
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Design of Concrete Structures
Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)

* Step 10. Provide horizontal reinforcing steel for the tie (cont’d)

* Notes:

— By providing adequate cover and transverse confinement, the
development length of the standard hook could be reduced by
the modifiers of ACI 12.5.3

— Less congested schemes can be devised with reinforcing steel
welded to bearing plates, or with the use of prestressing steel

— The discrepancy in the vertical location of the nodes results in a
negligible (about 1.5 percent) difference in the truss forces.
Thus, another iteration is not warranted
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Design of Concrete Structures

Detail of Reinforcement

_|16-No. 8

Ad
Section A-A
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Strut — And - Tie Design — Design of Deep Flexural Member (cont’d)
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel

Design the single corbel of the 16 in. x 16 in. reinforced

concrete column for a vertical force V, = 60 kips and
horizontal force N, = 12 kips

5"

7

A Vu=60Kki

N = ips
Roy u P

=12 kips

Assume f_ = 5000 psi
Grade 60 reinforcing steel

BMA Engineering, Inc. — 5000
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Design of Concrete Structures

Strut — And — Tie Design — Design of Column Corbel (cont’d)

* Step 1. Establish the geometry of trial truss and
calculate force demand in members

79"

75.8K

6.0"

compression siruts

tension ties
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel (cont’d)

* Step 2. Provide reinforcement for ties
— Use d=0.75

9.3.2.6
* The nominal strength of ties is to be taken as:

Fre = Af, + Ay, (e + AF) (ACI Eq. A-6)

* where the last term can be ignored as only nonprestressed
reinforcement is provided

Tie AB F, = 46.3 kips

ts = i = L =1.03 in.? Provide 4-No. 5 framing rebars
- oty 075 x 60

Ats = 1.24 in.2
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel (cont’d)

» Step 2. Provide reinforcement for ties (cont’d)
Tie CD F, =12.0 kips

120
T 075 % 60

=027 in.? Provide No. 4 tie (2 legs) A= 0.40 in>

ts

Tie BD& DE P, =93.2kips (governs)

93.2

= — =207 in?
0.75 % 60

¢ Provide steel in addition of vertical column reinforcement

— This reinforcement may be added longitudinal bar or a rebar bent at
Node A, that is used as Tie AB as well
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel (cont’d)

* Step 3. Calculate strut widths

* |tis assumed that transverse reinforcement will be
provided in compliance with A.3.3, so a
* B,=0.75 can be used in calculating the strut length

*  f_=0.85Bf'=0.85 x 0.75 x 5000 = 3187 kips
« ¢f,, = 0.75 x 3187 = 2390 psi

BMA Engineering, Inc. — 5000

(ACI Eq. A-3)
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel (cont’d)

* Step 3. Calculate strut widths (cont’d)
— Widths of struts required

P, = 69.1 kips

Strut AC Strut CE
69,100 ]
wW=—————————" =1.81in. \v:ﬁz‘;SSill
16 x 2390 16 x 2390
Strut BC Strut DE
88.800
we= —2% 539, we — 22 0ss5in
16 x 2390 16 x 2390

* The width of the struts will fit within the concrete column with the corbel
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel (cont’d)

» Step 3. Calculate strut widths (cont’d)

— Provide confinement reinforcement for the struts per
A.3.3 in the form of horizontal ties

— The angle of the diagonal struts to the horizontal
hoops is 58 degree. Provide No. 4 hoops at 4.5 in. on

center
J%. - * -
— sin o = 2x 020 sin58° = 0.0031 > 0.003 O.K.
bs 24 x 4.5

"
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Design of Concrete Structures
Strut — And — Tie Design — Design of Column Corbel (cont’d)

* Reinforcement Details
/ Bearing plate

4-No. 5 [7

Anchor bar

T TNo. 4| @4.5"0.C.

No.4[
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5100. Reinforced Concrete

¢ 2110 - Introduction: Materials & Design Methods

\
¢ 5120 - Moment Design of Beams
® 5130 - Shear Design of Beams

J
¢ 5140 - Footing Design )
¢ 5150 - Column Design )
¢ 5160 - Development & Splices of Reinforcement )
e 5170 - Strut and Tie Model )

* 5180 - Two-way Slabs

BMA Engineering, Inc. — 5000
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5180 - Two-way Slabs

e Two-Way Beam-Supported Slab
— This basic and common type of floor is one of the original
slab systems in reinforced concrete

* When, long side/short side > 2,
— one way action may be assumed

* Advantages:
— Economical for longer spans

* Disadvantages:
— Greater story height
— Beams may not allow flexibility of partition location
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Design of Concrete Structures
Two-Way Slabs - Types

Flat Plate

Two-Way Slab Plate
w. Drop Panel

BMA Engineering, Inc. — 5000

One-Way Slab and Beam
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Design of Concrete Structures

Two-Way Slabs

Size beams and
Joists the same
depth

BMA Engineering, Inc. — 5000

Make beams wider

than columns
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Design of Concrete Structures
Two-Way Slabs

* Floor Framing Systems

— Select one floor framing system
— Use shallowest system
— For most buildings floor framing costs dominate

— Vertical element costs become more significant in
taller buildings or in moderate to strong seismic
zones
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Design of Concrete Structures

Two-Way Slabs

Structure Cost

Cost

Lateral Force
Resisting System

Columns and
Bearing Walls

Floor Framing

Number of Stories
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Design of Concrete Structures
Two-Way Slabs

* Flat Plate

* The column line beams that used to be the standard gradually
began to disappear giving rise to flat plate systems. The flat
plate is currently the most widely used slab system for multi-
story construction

* Span Length:

— Practical range = 15 ft to 30 ft
— Economical range = 15 ft to 25 ft

* Dimensions:

— Slab thickness between 5 & 10 in.
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Design of Concrete Structures
Two-Way Slabs

* Flat Plate (Advantages)

— Most economical short span structural system (formwork costs
50% of floor system cost)

— Minimizes floor-to-floor height

— Shortest construction time
with least field labor

— Simplest formwork and
reinforcing steel layout

— Greatest flexibility in layout
of columns, partitions
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Design of Concrete Structures
Two-Way Slabs

* Flat Plate (Disadvantages)

— Economical only for short & medium spans and for moderate
live loads

— Note: Shear strength near
columns is increased by the
use of multiple U stirrups or
structural steel usually known
as shear head reinforcement
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Flat Plate with Drop Panels (AKA Flat Slab)

— Drop panels and/or column capitals allow for larger shear
resistance compared to flat plates

— Historically predates both
the two-way slab on beams
system and the flat plate

— First patented in the U.S. in ’
1902
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Flat Plate with Drop Panels (cont’d)

* Dimensions:
— Slab thickness 5 to 10 in.
— Drop panels 2% in. to 8 in.

* Span Length:

— Practical range = 15 ft to 30 ft
— Economical range = 18 ft to 30 ft

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Flat Plate with Drop Panels (Advantages)

— Very economical system for relatively square bays and
multiple bays in each direction

— Uses smaller columns than
Two-Way Flat Plate with
longer spans

— Provides uniform clear space
below slab

— Provides flexibility in layout
of columns, partitions
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Flat Plate with Drop Panels (Advantages cont’d)

* Simple construction and formwork (formwork costs approximately
51% of floor system cost)

* Finish can be applied directly
* Adequate fire resistance

* Allows lower story heights
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Flat Plate with Drop Panels (Disadvantages)

* Economically viable only for
short and medium, heavily

loaded spans
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Design of Concrete Structures
Two-Way Slabs

* One-Way Slab and Beam (AKA One-Way Joist)

* Dimensions:
— Thickness 3 to 5 in. (based on fire or structural requirements)
— Joists 8 to 20 in. below slab and 5 to 7 in. wide

* Span Length:

— Practical range = 15 ft to 40 ft
— Economical range = 25 ft to 40 ft ’
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Design of Concrete Structures
Two-Way Slabs

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Two-Way Slabs

* One-Way Slab and Beam (Advantages)

— Commonly used for parking structures and elevator and stair areas

Good for concentrated and heavy load areas

Excellent vibration characteristics

Basis for more complex framing

systems

Popular for use in commercial

buildings

Adaptable to custom
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Design of Concrete Structures
Two-Way Slabs

* One-Way Slab and Beam (Disadvantages)

* Higher formwork costs (about 58% of floor system costs)
* Not economical for short spans

* Greater story heights
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Design of Concrete Structures
Two-Way Slabs

* One-Way Slab and Beam 2
(Standard Form) g
8
I O O 0 T - I m
| E
Rib Width ‘ ‘ Pan Width ‘
(varies) '
Pan Width (in.) Pan Depth (in.)
30 8, 10, 12, 14, 16, 20, 24
53 16, 20, 24
66 14, 16, 20, 24

144
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Joists

Dimensions:

— Thickness 3 to 5 in. (based on fire or structural requirements)
— Joists 8 to 24 in. below slab & 6 to 8 in. wide

* Span Length:

— Practical range = 15 ft to 40 ft
— Economical range = 35 ft to 40 ft
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Joists (Advantages)

— Provides depth for stiffness and increased load bearing capacity

— Efficient use of concrete and reinforcing materials

— Standard reusable forms readily
removed and re-erected

— Accommodates floor
penetrations and
mechanical systems
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Design of Concrete Structures
Two-Way Slabs

* Two-Way Joists (Disadvantages)

Not economical for short spans or for light to medium loads

Higher formwork cost (about 54% of floor system costs)

Greater story height
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Design of Concrete Structures

Two-Way Slabs
* Two-Way Joist g
(Standard Form) £
8
| | @
e \ (o=
T - ' 5%
: [m]m]
|
Rib Width ‘ ‘ Dome Width
Dome Width (in.) Dome Depth (in.) Rib Width (in.)

30 8,10, 12, 14, 16, 20, 24 6

41 14, 16, 20, 24 7

52 14, 16, 20, 24 8
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Design of Concrete Structures
Two-Way Slabs — Design Introduction

* Introduction
— Design of two-way slabs may include the following steps

1. Choose the layout and type of slab to be used based on
architectural, construction and other considerations

2. Perform preliminary design for slab thickness
* To control deflection (AC19.5.3.2, Table 9.5c)

* To provide adequate shear strength at both interior and

exterior columns
* Check wide beam action (ACI 11.12.1.1)
* Check two-way action (ACI11.12.2.1)
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Design of Concrete Structures
Two-Way Slabs — Design Introduction

* Introduction (cont’d)

3. Choose a design method

— Direct Design Method uses coefficients to compute positive
and negative moments in the various panels in the slab

— Equivalent Frame Method uses an elastic frame analysis to
compute these moments

4. Compute the positive and negative moments in the slab
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Design of Concrete Structures
Two-Way Slabs — Design Introduction

* Introduction (cont’d)

5. Determine the distribution of the moments across the
width of the slab. The lateral distribution of moments
within a panel depends on the geometry of the slab
and the stiffness of the beams (if any)

— This procedure is the same in both design methods
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Design of Concrete Structures
Two-Way Slabs — Design Introduction

* Introduction (cont’d)

6. If there are beams, a portion of the moment must be
assigned to the beams

7. Reinforcement is designed for the moments from
steps5and 6

8. The shear strengths at the columns are checked
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Design of Concrete Structures

Two-Way Slabs — Design Introduction

* Minimum Two-Way Slab Thickness

Design of Concrete Structures

Two-Way Slabs — Direct Design Method

* Conditions for Analysis by Direct Design Method

BMA Engineering, Inc. — 5000

* The direct design method is subject to the following
restrictions:

2. The panels shall be rectangular, with the ratio of the longer
to the shorter spans within a panel not greater than 2

1. There shall be a minimum of three continuous spans in each
direction

3. The successive span lengths in each direction shall not differ
by more than one-third the longer span

155

5.0
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Without drop panels With drop panels
Uniformly Distributed Loading (L/Ds2)~
Exterior panels Interior Exterior panels Interior ‘ )
Yield Stress panels panels
fy, psi Without |  With Without | With edge
edge edge edge beams
beams beams beams
[ [ : [N ‘) [ |
40,000 33 36 36 36 40 40 - il 3
‘, ‘, ‘, ‘, ‘, n Rectangul | | ]
60,000 Ed 33 33 3 % 3% [Sab Pancls | | | f
— (201 —— . - i £
Minimum | T  Column Offset |
: 5in. (120 mm) 4in. (100 mm) ' : | . , <
Thickness | L~ 1110
_________ G — B 2D L
Experience ;—0 to ;—0 i o . ! . |
T I i o
BMA Engineering, Inc. — 5000 153 BMA Engineering, Inc. — 5000 154
Design of Concrete Structures Design of Concrete Structures
Two-Way Slabs — Direct Design Method Two-Way Slabs — Direct Design Method
* Limitations of the Direct Design Method (ACI 13.6.1) * Limitations of the Direct Design Method (cont’d)

4. Columns may be offset a maximum of 10% of the span in
the direction of the offset from either axis between
centerlines of successive columns

5. Loads shall be due to gravity only and the live load shall
not exceed 2 times the dead load

6. If beams are used on the column lines, the relative
stiffness of the beams in the two perpendicular directions,
given by the ratio o,¢2,/a,¢2,, must be between 0.2 and
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Design of Concrete Structures
Two-Way Slabs — Direct Design Method

* Factored Total Statical Moment M,

— The factored total statical moment M, for
unrestrained uniformly loaded slab-beam with a
width ¢,, and a clear span ¢, and uniform load w,, is
given by 2

M. = qu€2€n
° 8

— ¢, measured between faces of supports must not be

less than 0.65 £,

* ¢, = center-to-center distance between supports

BMA Engineering, Inc. — 5000
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Design of Concrete Structures
Two-Way Slabs

* The ACI code provides coefficients (ACI 13.6.3) for
distributing M, to the positive and negative moment
regions depending on the degree of restraint such that

M, =M_+%(M, + M)
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Design of Concrete Structures
Two-Way Slabs

Steps in the Direct Design Method

1. Compute simple beam moments for each span (ACI 13.6.2)

2. Use ACI coefficients (ACI 13.6.3) to distribute M, to the
positive and negative moment regions of the slab-beam

3. Distribute the positive and negative moments across the width
of the slab-beam between the column and the middle strips

* If the column strip contains a beam, the column strip moment is
divided between the beam and the balance of the column strip

4. Determine size and distribution of reinforcement in the two
orthogonal directions
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Design of Concrete Structures
Two-Way Slabs

* Distribution of M, (ACI 13.6.3)

* Distribution coefficients for a flat plate with no edge
beams are shown in the figure on the next page. The
code provides coefficients for unrestrained, restrained,
and with or without beams between supports
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Design of Concrete Structures
Two-Way Slabs

* Distribution of M - For a Plate with no Edge Beams

% column strip, panel A ‘5 column strip, panel 8

1 middle strip, panel A \
7
[ ]
1
|
a

‘5 middle strip, panel 8

M,, ealculated for hatched area
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Design of Concrete Structures
Two-Way Slabs

* Transverse Distribution of Moments

* After distributing M, to the positive and negative
moment regions, the positive and negative moments
must be distributed across the column and middle
strips. A column strip has a width on each side of the
column equal to 0.254, or 0.254,, whichever is less.
The middle strip is the area bound between two
column strips. The moment in each strip is assumed
constant unless a beam is present on the column line
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Design of Concrete Structures
Two-Way Slabs

* Transverse Distribution of Moments (cont’d)

* A beam when present tends to take a larger share of
the column strip moment than the adjacent slab. The
transverse distribution of moments is a function of
4,/¢,, the relative stiffness of the beam and the slab,
and the degree of torsional restraint provided by the
edge beam
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Design of Concrete Structures
Two-Way Slabs

* Transverse Distribution of Moments (cont’d)

* The parameter o defines the relative stiffness between

the beam and slab,
Ee Lb

E.s L

o =

(ACl 13.6.4)

— where E, and E  are moduli of elasticity of beam and slab,

— |, and I;are moments of inertia of the effective beam and
slab. o, and o, may be calculated for direction ¢, and /,. In
calculating El, reinforcements, cracking, column capitals and
drop panels may be neglected
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Design of Concrete Structures
Two-Way Slabs

* Transverse Distribution of Moments (cont’d)

— Cross Section of a Slab and Effective Beam

¢
l 4
|

I‘Iﬂ (TS \

b+2{a-h)<b+8Bh

Slab, I

IERRNRRRRARRNAED

Beam,

ulb

b

W

e
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Design of Concrete Structures
Two-Way Slabs

* Transverse Distribution of Moments (cont’d)

* The relative restraint provided by the torsional
resistance of the effective transverse edge beam is
represented by the parameter f3,,

By = Con” C = 2(1 —0.63;’9"—;1’

2E_ I,

* C=cross-sectional constant to define torsional properties
calculated by dividing the section into component rectangles,
each having smaller dimension x and larger dimension y, and
summing the contributions of all the parts

BMA Engineering, Inc. — 5000

166

Design of Concrete Structures
Two-Way Slabs
* Transverse Distribution of Moments (cont’d)

* Column strip moment, percent of total moment at critical section
— Positive Factored Moments

Lolty 0.5 1.0 2.0
(aplalty) =0 60 60 60
(apylalty) 2 1.0 90 75 45
— Interior Negative Factored Moments
byl 0.5 1.0 2.0
(aplalty) =0 75 75 75
(aplplty)21.0 90 75 45
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Design of Concrete Structures
Two-Way Slabs
* Transverse Distribution of Moments (cont’d)

* Column strip moment, percent of total moment at critical section

— Exterior Negative Moments

Lolt 0.5 1.0 2.0
= 100 100 100

(aplolty) =0 P
B> 25 75 75 75
= 100 100 100

(aplolty) 21.0 Pe
B2 25 90 75 45
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Design of Concrete Structures
Two-Way Slabs

* Moments in Columns

— Columns in two-way construction must be designed to resist
the moments found from analysis of the slab-beam system. At
interior locations, slab negative moments are found assuming
that dead and full live loads act. For the column, a more severe
condition will result with partial live loading. For interior
columns the Code requires for interior columns to resist,

M = 0.07 [(wy +0.5w,) £, £,2—w, £, (£,)]

— Where the prime quantities refer to the shorter of the two
adjacent spans
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(ACI 13-4)
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Design of Concrete Structures
Two-Way Slabs

* Transfer of Moment and Shear

(a) Transfer of moment at edge column. (c) Shear siresses due to My,

V= Vulbed j

(b) Shear stresses due to V. (d) Total shear stresses.
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Shear stresses c
due to y,M,
| v Myt
v = JpMuC
My o B Je
A
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Two-Way Slabs

* Transfer of Moment and Shear (cont’d)

/ £
Myp 7,M§

Shear stresses due to
u;

T (Myy — M,

2) (c) Shear due to unbalanced moment.

(a) Transter of unbalanced moments (o column.

{d) Total shear stresses.
(b} Shear stresses due to V,,
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~ support centerling
|"fcce of rectilinear supports

(
‘

! } square support having same grea
/

* Critical Sections for
Negative Design

Moment NGy
| ) a
T _ Critical section for e
1i__ / negotive moment—_____—|
I yd £ !
e | |
f l
0.1751, -0
: | tace of supparting element
T
; |
¢,>0358, |

| /S |

(a) Intarior & Extesor Column or
Wall Supports

(b) Exterior Supports with
Brackels or Corbels
BMA Engineering, Inc. — 5000
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* Transfer of Negative Moment at Exterior Support
Section of Slab without Beams ‘

/I'iional

- moment

Slab strip -

Attached /f'
torsional below

member

Slab strip

Design of Concrete Structures
Two-Way Slabs — Design Moment Coefficients

* Flat Plate or Flat Slab Supported Directly on Columns

18— - — LT,
LI End Span LI Interior Span L
© @ O] @ ®
End Span Interior Span
(1) 2) (3) (4) (5]
Slab Moments Exterior Positive First Interior Positive Interior
Negative Negative Negative
Total Moment 0.26My 0.52M, 0.70Mg 0.35Mq 0.65M,
Column Strip 0.26My 0.31M, 0.53Mg 0.21M, 0.49M,
Middle Strip 0 0.21M 0.17M, 0.14M 0.16M,
Noto: All negative moments are at face of support.
* Flat Plate or Flat Slab with Edge Beams
ger —— e
! p— I [T N
= End Span L | Interior Span ]
Lyl il LA
D B O, )
End Span Interior Span
(1) @ (3) 4) (5)
Slab Moments Exterior Positive First Interior Positive Interior
Negative Ngiatwe — Nei ative
Total Moment 0.30M,, 0.50M,, 0.70M, 0.35M, 0.65M,
Column Strip 0.23M,, 0.30M, 0.53M, 0.21M, 0.49M,,
Middle Strip 0.07M, 0.20M, 0.17Ms 0.14M4 0.16My

Notes: (1) All negative moments are at face of support.
(2) Torsional stifness of edge beam is such that B, = 2.5. For values of B, less than 2.5, exterior

BMA Engineering, Inc. — 5000 173 BMA Engineering, Inc. — 5000 negative calumn strip moment increases [0 (.30 - 0.03 By )M, 174
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Two-Way Slabs — Design Moment Coefficients Two-Way Slabs — Design Moment Coefficients
* Flat Plate or Flat Slab with End Span Integral With Wall * Two-Way Beam-Supported Slab
j SN . SN I1 | T [
LI End Span L1 Interior Span O ) s Tt‘--ﬁ 3 :
4 3 --r,J- End Span Ll—L Interior Span J‘-‘J‘L
End Span Interior Span ':r" {E) (?) \TD @
Slab Moments Exlt;:ior Pol:it]ive First :lsv:eriﬂr Pc:it]ive Ir|tfr]\or End Span Interior Span
Negative . Nogiive . Nogive ) 2) @) (@) (5)
Total Moment 0.65M, 0.35M, 0.65M, 0.35M, 0.65M, Span Slab and Beam Exterior First Interior Interior
(mlj“él':ss;‘n”pp g‘:gmz gﬂm: g :gmz gﬂmz gﬁm; RaEiD Moments Negative Positive Negative Positive Negative
Note: Al negative moments are at face of support. 22’ €1
. . Total Moment 0.16M 0.57M 0.70M, 0.35M, 0.65M
* Flat Plate or Flat Slab with End Span Simply Supported on Wall ol Sirp_Beam | 0.12M. CYETA 05N, 02T, o.50M.
L’ _ ' . ‘7 0.5 . . Slab 0.02M, 0.08M, 0.08M, 0.05M, 0.08M,
T Eod Spam Ll Tmterior Span. || Mlddle.Strlp 0.02M, 0.06M, 0.07M, 0.03M, 0.06M,
. Column Strip  Beam 0.10M, 0.37M, 0.45M, 0.22M, 0.42M,
3 G 1.0 Slab 0.02Mg 0.06Mg 0.08My 0.04My 0.07Mg
End Span Interior Span Middle Strip 0.04Mg 0.14Mg 0.17My 0.09Mg 0.16Mg
St - ) 5 @ = llsl _ - ) ‘ 51 Column Strip  Beam 0.06Mg 0.22Mg 0.27My 0.14Mg 0.25Mg
ts t it t It 1 t
a0 Momen New ZT.:; ositive 'ﬁ‘e ’mieV’:r ositive N:e’l‘_'fe 2.0 . . Slab 0.01M, 0.04M, 0.05M, 0.02M, 0.04M,
Total Moment 0 0.63M, 0.75Mg 0.35M, 0.65Mq Middle Strip 0.08M, 0.31M, 0.38M, 0.19M, 0.36M,
Caolumn Strip a 0.38M, 0.56M, 0.21M, 0.49M,
Middle Strip 0 0.25M, 0.19M 0.14M, 016M, Notes:  (1)All negative moments are at face of support.
Nots: All negative moments are at face of support, (2) Torsional stiffness of edge beam is such thal By = 2.5
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¢ Minimum extensions for reinforcement in slabs without beams

MINIMUM - Ag
AT SECTION

STRIF | LOCATION WITHOUT DROP PANELS WITH DROP PANELS

| 0308, I \ P T — 0334, , 0.33¢, \
50% h
Top I 0201, 10206 | 10206 0206, | 11
_— [ e | — !
REMAINDER r | _l_ I 1
I I I
COLUMN | 1 i )
STRIP N
| i -
6" | | i Lo B0 [
1 | | | - Continuous bars ]
BOTTOM [ 1
100% Lo Joast two bars ! Splices shall be |
of wires shall - permitted in this region — 1
conform to 13.3.8.5
o 0,22(,,‘ ‘0221. E 02211( ‘0225, 5
TOP 100% r—
- |
MIDDLE - . 1=
STRIP sU% ==
BOTTOM — Max, 0.15 ~= & ‘—,—Max,DJEA‘,, 6 — |
REMAINDER i
I-—S—J—-——’«-l; |

Clear span - £,
Face of support
Center to center span

Face of support
Center to center span

|
@ i — Clearspan-f, 1 1
{

£

514‘ AN—
i
1
€
Exterior support Interior support Exteri
{No slab continuity) {Continuity provided) {No slab continuity’
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e Design Procedures

— The ACI code (13.5.1) permits the design of a slab
system by any procedure satisfying conditions of
equilibrium and geometric compatibility that satisfy
code strength requirements (9.2 and 9.3) and all
applicable code serviceability requirements including
limits on deflections (9.5.3)
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Design of Concrete Structures
Two-Way Slab Systems

* Types of Two-Way Slab Systems

Wide Module

Standard
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Design of Concrete Structures
Two-Way Slab Systems

* Analysis for Gravity Loads

— The ACI code includes the Direct Design Method
(DDM)(13.6) and the Equivalent Frame Method
(EFM)(13.7) for slab systems between supports and
supporting columns or walls laid out on a basically
orthogonal grid

— Both methods apply to two-way slabs with beams as
well as to flat slabs and flat plates

BMA Engineering, Inc. — 5000 180




Design of Concrete Structures
Two-Way Slab Systems

* Analysis for Lateral Loads

— The Code (13.5.1.2) states that for lateral loads, analysis
of frames shall take into account effects of cracking and
reinforcement on stiffness of frame members

* Cracking of slabs should be considered so that drift caused by
wind or earthquake is not grossly underestimated (R13.5.1.2)

— Any methods that that satisfy compatibility and
equilibrium and that are in reasonable agreement with
test data can be used. Acceptable methods include plate
bending finite element models, effective width models,
and equivalent frame methods
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* Analysis for Lateral Loads (cont’d)

— The stiffness of slab members is affected not only by
cracking, but also by other parameters such as €,/
c,/®,, c,/c,, and concentration of reinforcement in the
slab near the column supports
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Design of Concrete Structures
Two-Way Slab Systems

* Openings in Slab Systems

* The ACI Code (13.4) permits openings of any size provided
that analysis shows that code design strength (9.2 & 9.3)
and serviceability requirements are satisfied

* This requirement is waived for slabs without beams when
the provisions of section 13.4.2.1 through 13.4.2.4 are
satisfied
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Two-Way Slab Systems

* Openings in Slab Systems

— Permitted openings in slab systems without beams

z
|
||
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:
I
I
I
I
1
I
I
I
I
I
I
N
I
I
I
I
g
I
Fo% 12
237 | SE8
ad | NE2
(e
.
I
I
e
I
I
!
I
I
I
I
It Sty I
I
I

e ————
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Two-Way Slab Systems — Design Aids

* Minimum Slab thickness

120 |
10 [
| Flat slab with |
spandrel beams* T
100 | T
T:'-" 9.0
= L Flat plate with
@ .
@ | spandrel beams*—___
g &0 and flat V*m
] L
=
g TO
E]
E Flat plate~]
S 60 T
| Two-way
| beam-supported
5.0 slab (p = 1)
| | Two-way
i beam-supported
} slab (= 2) o 20.8
Fog, > 0.2
30 b A I
10.0 15.0 200 250 300

Longer Clear Span #,(ft)

* Beam Stiffness

Design of Concrete Structures
Two-Way Slab Systems — Design Aids

LBl g

— Interior beams

| b+42(o-h) = b+8h

=

2
b

lp = (ba®/12)f
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Two-Way Slab Systems — Design Aids Two-Way Slab Systems — Design Aids
. . . ¥2 | Y2
e Beam Stiffness e * Computing C, Cross-Sectional ﬁj ﬁ
=R N - Constant Defining Torsional w NN
— Edge beams SN - : . \ \
22F I Properties N - \
- &\ BN @
s b RECIN PN
b =h) & b+4h i
lo-b) - N Use larger value of C computed from (1) or (2)
\\\\\\W = s -
1 X
t ¥ 4 5 3] 7 8 i) 10 12 14 16
\ 2 202 | 360 ToZ | 868 | 1,118 | 1,588 | 1000 | 2567
14 245 452 736 | 1,006 | 1,520 | 2,024 | 2586 | 3700 | 4,738
\ \\\\\\\) = 18 288 534 880 | 1325 | 1,871 | 2,510 | 3233 | 4861 | 6567 | 8,083
. 18 330 619 | 1,024 | 1,554 | 2212 | 2,006 | 3900 | 6013 | 8397 |10813
N ’ 2 20 373 702 | 1,167 | 1,782 | 2,553 | 3,482 | 4,567 | 7,165 | 10,226 | 13,544
[T — 22 416 785 | 1312 | 2,011 | 2,895 | 3,068 | 5233 | 8317 | 12,055 | 16,275
b 24 458 860 | 1456 | 2,240 | 3,236 | 4,454 | 5000 | 9450 | 13,885 | 19,005
27 522 994 1672 | 2583 | 3,748 | 5,183 | 6900 | 11,197 | 16,628 | 23,101
| ={ba3j12)f 30 586 | 1,119 | 1,888 | 2926 | 4,260 | 5912 | 7900 | 12,925 | 19,373 | 27,197
b M 33 650 | 1,243 | 2104 | 3269 | 4772 | 6,641 | 8900 | 14,853 | 22117 | 31,203
[ 36 714 1,369 2320 | 3612 5284 | 7,370 9,900 | 16,381 | 24,860 | 35,389
Edge beam (AC) 13.2.4) 42 842 | 1619 | 2,752 | 4,298 | 6,308 | 6,828 | 11,900 | 19,837 | 30,349 | 43,581
- - 48 970 | 1,869 | 3,183 | 4,984 | 7,332 | 10,286 | 13,900 | 23,293 | 35836 | 51,773
0 54 1,098 | 2,119 | 3,616 | 5670 | 8,356 | 11,744 | 15,900 | 26,749 | 41,325 | 59,965
60 1226 | 2,369 | 4048 | 6,356 | 9,380 | 13,202 | 17,900 | 30,205 | 46,813 | 68,157
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Design of Concrete Structures
Two-Way Slab Systems — Design Aids

* Minimum Thickness

Two-Way Slab System Clim p Minimum h
Flat Plate — <2 £./30
Flat Plate with Spandrel Beams!  [Min. h =5 in.] — L2 £1/33
Flat Slab =2 £,/33
Flat Slab2 with Spandrel beams! [Min. h =4 in.] - <2 £./36
=02 <2 /30
1.0 1 7 /33
Two-Way Beam-Supported Slab3 2 ! /36
>2.0 1 {437
2 /144
<02 =2 7.7533
1.0 1 7,736
Two-Way Beam-Supported Slab1:3 2 £,/40
>2.0 1 7.1
2 /,/49

1 Spandrel beam-to-slab stiffness ratio o, 2 0.8 (9.5.3.3)
2Drr:'p panel length = ¢#/3, depth = 1.25h (13.3.7)
3Min.h=5in. fora,, =2.0; min. h= 3.5 in.for ¢q,> 2.0 (2.5.3.3)

Design of Concrete Structures
Two-Way Slab Systems — Design Aids

* Properties for Shear Stress Computations

Case B: Interior Column

Case A: Edge Column (Bending parallel to edge)
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Design of Concrete Structures Design of Concrete Structures
Two-Way Slab Systems — Design Aids Two-Way Slabs — Equivalent Frame Method
* Properties for Shear Stress Computations (cont’d) * Equivalent Frames for
a 5-Story Building
Case Area of critical Modulus of critical section
section. A Jic Jic! c c
A (b;+2b,)d b‘d(b‘:b;m“ b‘d(b‘:isb;mo b? L L
B | 2meby g il ) L Y S, S
G (2b,+b,)d 2b2|d(b‘+222t])‘+d’(2b‘+b2] 2 bﬁd(b|;2(;21::(2b‘+b2] E%Ebz b;z(;ftijl ________
b (b+b)d bid(b,+4b,)+d(b, +b,) bid(b,+4b,)+d*(b,+b,) 6 b,(b;+2b))
t 6b, 6(b,+2b,) 2(b,+b,) 2(b,+b,)
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Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method

Exterior
Equivalent Frame

<— Edge

——— Centerline
Adjacent Panel

¢
Column Strip -2—2

One-Half Middle Strip

=
e
-

, MR

Design of Concrete Structures
Equivalent Frame Method — Operational Design Flowchart

@ | Input: Slab plan dimensions Lgy, Lys, L. W, Wp, ., f,, E.. E, l
@ Select preliminary thickness f7 for E-W, N-S using €q.11.9,
and 11.10 for slabs with beams ar slabs with drop panels, and

Table 11.3 for flat plates. Chosen thicknesses A should always
satisfy the minimum code requirements for thickness 4. Increase
h from Table 11.3 by at least 10% if no edge beams are used.

@ Compute £, E,,, E,,

where ¢ = column, s = slab, 6 = beam
4£71
L —=2h
9E,.C

L1 — e/l P

~
K. >~
]

3
where € = Z(1 - 0.63x/y) "—3-”—
! r1 13
T T s
Find K,, L £t E )

l' cont'd
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Design of Concrete Structures Design of Concrete Structures
Equivalent Frame Method — Operational Design Flowchart Equivalent Frame Method — Operational Design Flowchart
cont'd cont'd
Use appropriate factors in terms of «, (1,/1,) of Section 11.4.2 to derive
@ Compute K, ~ 4E 1 the column strip and middle strip moments.
T Lm0y /2) ‘
where L, = centerling span @ Select the reinforcement. Compute available M, = A, (d — a/2) for
support and midspan sections of the column and middle strips.
¢, = column depth
K,
Find DF = # Mo Available M, < required M, St
where L K= K.c+ Kyjien) + Ks[_rughr)
@ Compute FEM for load intensity w,, and run a moment distribution where @ Shear-moment transfer
w,
FEM = -'——L . Adjust distributed M, to support face values such that Compute V,,, select M, from step 5, compute g and unbalanced moment
v, My =M, +V,g.
the adjusted M, — distributed M, — 3
1
Computey, =1 - —m478 ———
, d 1+ 2/3v/b,/b,)
M, - ’
@ Convert the final M, values to required nominal moment strengths M, = —= where by = (¢, + d/2) for exterior support
¢ = (e, + d) for interior support
! by=c,+d
@ Consider inglastic moment redistribution if necessary, not exceeding 20% Z’ = 2= 7“"1:‘):"2"? C’:’ =|X s i
- ¥¢can be increased to 1.0 at end columns provide at support < 0. ’
but not more than 1000 €; percent as in Fig. 5’7_ and by 25% for interior columns if V, < 0.4V, andp < 03759,
) i * cont'd . . " cont'd
BMA Engineering, Inc. — 5000 195 BMA Engineering, Inc. — 5000 196




Equivalent Frame Method — Operational Design Flowchart

cont'd

@

Design of Concrete Structures

e Vu ?chﬂi’ [ P
+ V = .
Determine vy giving vV, anud

Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d)

* Design Strips of Equivalent Frame

Maximum allowable nominal shear strength as the smallest of fe - - b -
M v, = (2+ Bi)}\\/f_;bod
) - 1T . ) \\\1ﬁ__ . .
(i) v, = (22 + 2\ by :\‘:§§:§ %&S Design Strip for €, < 8,
\ by y ‘ )
where o, = 40 for interior columns, 30 for edge columns, and E :\\Q\\Q\\}\‘S\\\:\\ = \&: - [ £502 ‘ )
20 for corner columns g \\Q‘;s\\ iﬁ Nt g.\ . — 2 L -
i : ::_1 \ %\\ : \I:!‘E‘ ) L £y
(i) V, = 4x/F] bod g 3@&:&3&: :&\\:S +F \\\\{‘:\ \\\\:‘:gt
ARk W - RN . A
=@ " MY | R NN N
In Elul Exterior ; 5 i 5 .
N Yes Lo AR 3 R
0 V,<V. _ _ N W
Design Strip for €, < €, & NN \\\%
=t Increase h \m \\\
Interior | Exteri |
- B
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Design of Concrete Structures Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d) Two-Way Slabs — Equivalent Frame Method (cont’d)
* Equivalent Frame Members  Sections for Calculatlng Slab- Beam Stiffness K,
(’%'\pi‘ rjr.T hy A- ! B-F1 ! |{ 277‘3175:—;] am
Fad B ] . T
Slgb-Beam Ker | — Column Above MJ A'uce of /J HJ e CT /E:,
qu Support !:C|_| |_-Cl|_| si;ewq” l’-__l
Slob system without beams Slab system with drop panels
‘ T [y
2
hy h, hy —hg
B DE—— 1 [ I, EF é —1 Iz
Torsional Member, Kiq f Section A-A [ |tk
Section C-C Section D-D
po—fr h"’{L"'
ﬁl,/(:-czﬂ'g)z |_|——,_| 1,/ e i p)F
Tarsional Section B-B -
Member, Ky, Sechion E-E
£, Eosl /(1-cptly12 bl Eala (Egsla /1-carda)?
" Slab-Beam ‘\/2__| I.. 2y _| Lﬁl"z LR T "I 2
k\b< Equivalent slab-beam stiffness Equivalent slab-beam sfiffness
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Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d)

* Sections for Calculating Slab-Beam Stiffness K, (cont'd)
| N
PO | ag eq |[T] '

_ | e o S]]
A bl T
F face of . F E D= 64
support . ~face of B

= support =
Slab system with column capitols F=Itla e [== e
2 £ Slab system with beams
- R hy oo L2 )
r—w. i IT*h ~ha 1 i — e —
C——L ey g 5 8 T_|H*_‘"z I, [ [ha L
L "(12 Section D-D -
Section A-A Section B-B ection Section E-E
R L
iz | 1 [ 1
ﬁ_ﬂ 1 t,)2 2l ] T ey, ?
i La/tivcorty) Tp/lI-egq/k3) H 1 L1 hftiegp/ty
R A |
Section C-C Section F- F

Section G-G
(EesTe/lI-co/l, ? Eeslp/(1-co0/4)2]

- 2
Eeely \\ Eeslzy JEcsfz f’ EgsLy Eesli /{1-cap/lz)

t,/?_‘_l 4 L_c‘.-‘z

Equivalent slab-beam sfiffness diagram
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Equivalent slab-beam stifiness diogram

Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d)

* Sections for Calculating Column Stiffness K_

-
,b—_l—l;‘_—:l. . [=m I=
!
£ Eecl
c cete Echc
= =1 = I=@

Slab system
without beams

Column stitfness
diagram

Slab system with
column caopitals

Column stiffness
diagram

. ¥ I=m
,//
bottom of slab -

beam at joint L, Egele

LA

Column stiffness
diagram

top of slab=beam

———

Slab system with
drop panels

Column stiffness

Slab system
diagram

with beams
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Design of Concrete Structures Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d) Two-Way Slabs — Equivalent Frame Method (cont’d)
* Partial Frame Analysis for Vertical Loading b) When service live-to-dead load ratio exceeds 3/4,
— When exact loading pattern is not known, maximum these five loading patterns need to be analyzed
factored moments are developed with the loading s ST S NN
conditions: o e —_— = t——
POy PSS Wyt wg faé.i. §\| A B ¢ o
[ | | - VL\ ——t=x ==t
¥ - / {3) Loading pattern for positive design moment in span BC”
a) When the service live load does not exceed % of the service . ° CL ° L/ o ;i ’
e — - — Wyt 3iaw R
dead IOad, Only Ioading pattern With fU” factored Iive IOad On (Ij-Lnsmngpaﬂe’nmr:;sigﬂnorren'.s n all spans with L= 344 D - : +WU.—LV iiii:rﬂ;:pzif:lﬂ::g
all spans need be analyzed for negative and positive factored Twervew T i A 8 cF spons clstanee
— — L
moments 4 h B C v} = {4) Loading pattelﬂo::;ahwe deslgn moment at support A*
i -vL haa & B wg+dawg O S e =P
(2) Loading patlern for positive design moment in span AR 1
(cont’d) I
A 8 c o
e u. L -
(5) Loading pattern for negative design moment at support B*
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Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d)

e Moment Distribution Factors DF

Design of Concrete Structures
Two-Way Slabs — Equivalent Frame Method (cont’d)

* Design Aids for Moment Distribution Constants

. L - L R
- w |
g S S g SN ! 1.
s B 2 = |
| of, T T 2 T3 el |,
bk, [Le= Wl
Near endtN] RF;ISY eﬂdtﬂ . | | | _L
5178 ! Ml Cnim™ == Cr
Es1q o /6 - kf,/6
L 2
L FEMNF = ElmNFiwi!l
“E Ig/1-Cop/l2) -
) /2 T ez e e EesTs
Moment Distribution Constants for Slab-Beam Members (drop thickness = .25h)
K= KEI/Z \
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Design of Concrete Structures .
: 5100. Reinforced Concrete
Two-Way Slabs — Equivalent Frame Method (cont’d)
o o , * Objective and Scope Met
* Design Aids for Moment Distribution Constants (cont’d)
— Provided introductory and intermediate level
Stiffness Carry Over | Unif. Load Fixed end moment Coeff. (M) for (b—a)=0.2 . . . .
Oty | Cnalfa | Factos | Factors | Fixed enc review of analysis and design of reinforced
NF NF | CoeftMNE) | 5 00 a=02 a=04 [ a=06 a=08
Cor=Cri Cra=Cra concrete design
0.00 — 4.79 0.54 0.0879 0.0157 0.0309 0.0263 0.0129 0.0022 _ P rese nted an d d ISCUSSGd
0.00 4.79 0.54 0.0879 0.0157 0.0309 0.0263 0.0129 0.0022
0.10 0.10 499 0.55 0.0890 | 0.0160 0.0316 | 0.0266 | 0.0128 | 0.0020 e Materials and Design Methods
: 0.20 5.18 0.56 0.0901 0.0163 0.0322 0.0270 0.0127 0.0019
0.30 537 0.57 0.0911 0.0167 0.0328 0.0273 0.0126 0.0018 . Moment & Shear DeSign Of Beams
0.00 479 0.54 0.0879 0.0157 0.0309 0.0263 0.0129 0.0022 . .
0.20 0.10 5.17 0.56 0.0900 | 0.0161 | 0.0320 | 0.0269 | 0.0128 | 0.0020 . Footmg & Column Des|gn
! 0.20 5.56 0.58 0.0818 0.0166 0.0332 0.0276 0.0126 0.0018
0.30 5.96 0.60 0.0936 0.0171 0.0344 0.0282 0.0124 0.0016 ° Development Of RelnfO rcement
0.00 4.79 0.54 0.0879 0.0157 0.0309 0.0263 0.0129 0.0022 .
0z | 010 532 | 057 | 00905 | 0.0161 | 00323 | 00272 | 0.0128 | 0.0021 * Strut & Tie Model, and Two-way Slabs
. 0.20 5.90 0.59 0.0930 0.0166 0.0338 0.0281 0.0127 0.0019
0.30 6.55 0.62 0.0955 0.0171 0.0354 0.0290 0.0124 0.0017
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