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Strut-and-Tie Design Procedure
Strut-and-Tie Methods

Define and Isolate D-Regions (from B-Regions)

Compute Resultant Forces

Tool for Design/Detailing of D-Regions

Variable Angle Truss Analogy a:ﬂLﬁ
Check Struts and Nodal Zones ( ¢ = 0.75)

All Loading Conditions F_=f_*A. where: f=085% 8 1
A.=0.4,0.8,0.6,0.75 or 1.0

Calculate Truss Forces

1.
2
3. Devise Truss Model
4
5

Several Solutions Exist for Any Problem

X . Provide Rebar for Ties ( ¢ = 0.75)
} Fu=As*f,

7
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Basic Requirements 23.3.1 - STM Design Procedure

» Model approximates stress flow

» Define component dimensions

and strengths where
* Define Phi and Beta Factors F,s =Force in Strut/Tie/Node Due to

» Analyze nodes and Anchorage Factored Loads
» Select Reinforcement Details F.s =Nominal Strength of Strut/Tie/Node

Note: ¢ = 0.75 for STM (all failure modes)
6




23.4.1 — Strength of Struts

« Strut Without Longitudinal Reinf.
Fns = fceAcs
where
A.s = Area at One End of Strut

f.. = Smaller Effective Concrete
Strength in Strut or Nodal Zone

Reinforcement Crossing Struts

If f. < 6000 psi

2 [(Ag ! bgs;) sin(g)] 2 0.003
- A, in Orthogonal Directions
- A in One Direction if o; > 40°

““Reimlcrcament

23.7 — Strength of Ties

Frt = Aify + Ay (fse + 4fp)
where
- (fo + Af) <1,
- Bonded P/S Af, = 60 ksi
- Unbonded P/S  Af, = 10 ksi
- Ay, is zero for nonprestressed members
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Strength of Struts

f.o = 0.854, 1’
Prismatic Strut
Bottle-Shaped Strut
- With Reinf. Per A.3.3
- W/o Reinf. Per A.3.3

Strut in Tension Zone
of a Member

All Others

Strength of Struts

 Strut With Longitudinal Reinf. Parallel to
Strut Axis, and Enclosed in Ties or
Spirals

Fns = fceAcs + A,S f’S

For Grades 40 to 60 Use f; = fy

Strength of Ties

* Axis of Reinforcement to Coincide with
Axis of Tie

» Proper Anchorage of Tie Reinforcement at
Nodes
— Mechanical Device
— P/T Anchorage Device
— Standard Hooks
— Straight Bar Development




Development of Ties 23.9 - Strength of Nodal Zones
ws=w,cosf+{,sind

where

f., = Effective Concrete Compressive
Extended St th in Nodal Z
Nodal Zone rength in Nodal Zone
‘T A,, = Area of:

0 A— - Nodal Zone Face Perpendicular to F,

- Section through Nodal Zone Perpendicular
to Resultant Force on Section

| = Critical Section

Area Through Nodal Zone

Strength of Nodal Zones

» C-C-C Node B, =1.00
e C-C-T Node S, =0.80
s C-T-T Node B, =0.60
(concrete good in compression,
best in hydrostatic compression)

Example Strut-and-Tie Method: Finding the Model
System

:

Zones of potential
cracking

19'-8
- TaY "
)}, (2000mm;

36N
(000
T8Y,

Lk

1
Zone of potential cracking

- Display of maximum principal stress (ultimate load), undeformed shape

B ff




Strut-and-Tie Method: Finding the Model Strut-and-Tie Method: Analysis

« Display of maximum principal stress with the Strut-and-Tie Model « Geometry of the Strut-and-Tie Model
(dashed lines are struts, solid lines are ties) (green lines are struts, red lines are ties)

3 Design Calculations Design Calculations
3.1 Check Bearing Strength Ties

Note: the width of the bearing plate matches the beam width

F
Strength Reduction Factor according to ACI 318-14 Chapter 21 ¢-F,2F >F 5

with

Fu= A4 A, (1, +4T)
#F2F » =0 (10 prestress) > F, = A, - ,
and
F, =085 1A , = 60,000psi = 60ksi
F_F F F
S At B . )
f, e, 0Tse0s ks N
o
The table shows the ties T, with the forces, the required area of reinforcing steel, the bar size with the area of
Plate at node A reinforcement for each bar, the number of bars, the provided area of reinforcement and the way the bars are distributed
P = 450kips for each tie:

Fu Agee Bar Agbar No.of A,
[kN] __[in] _size_[in] Bars _[in]
744 372 #10 127 4 508 4#10
636 318 #8 079 4 316 a#8
151 075 #8079 4 316 a#8
333 166 #4 020 10 200 10#4@18in
333 166 #4 020 10 200 10#4@18in

A=23}]"12"=282in" Distribution

> 0.75-3825psi-282in” = 809Kips > 450kips (359BKN > 2,000kN) —> OK

Plate at nodes B & C
R, = 300Kips > 150kips = R,
A=15"12"=189in*

667 333 #4020 18 360 18#4@9in
—0.75.3825kips 189in’ = 542kips > 300kips (2410kN >1333kN) — OK 193 245 #10 127 6 162 ego
Note: The node checks will typically govern over the bearing checks 987 493 #10 127 6 762 6410
1480 7.40 #10 127 6 762 6410
741 3.70 #10 127 6 762 6#10

Design Calculations Design Calculations
Struts Struts

Strength design The table shows the struts C, with the forces and the required and provided width of the strut with a 12" thickness. Where
F2F, Wqproy 15 “0K', enough area is provided through the geometry of the model.

F, Fyu

[kips] _[kN]

381 1695

381 1695

266 1185

266 1185

h 77
f',=4500psi = 167
B = 0.75 (with reinforcement satisfying 23.5 and normal weight concrete) 225
2 =1.0for normal weight concrete = 134

134

134

224

224

With — nominal compressive strength of a strut without longitudinal reinforcement

And fo the effeciive compressive sirengih of the concrete in a sirut
f,=085-4,-f'

Ay =W 12"

> f,, =2,869 psi = 2.86%ksi
>¢-F,=075-F,=075.2860ksi- A > F,

F
N s s
= A > 575 28606 215268
oy oA R
2 :
21525112 55 gy ki\:s




Design Calculations

Design Calculations
Struts: Bottle-shaped Struts

Nodes: General Notes

According to ACI 318-14 Section 29.3, the node at point A is a C-C-C-Node consisting of three struts, therefore b, = 1.0,
while the nodes at points B and C are C-C-T-Nodes, anchoring one tie each and therefore b, = 0.8 for these nodes.

InA -
vy

Nominal compression strength of a nodal zone
Fo=fu A

with the calculated effective stress on a face of a nodal zone
$-1,=(075)-085-4,- ',

“-Reinforcement
Actual Behavior of Struts in a Cracks in a bottle-shaped

Reinforcing bottle-shaped
Beam Strut

Struts

« Idealized as an area with parallel « Ties within the strut perpendicularto | + Reinforcement s required to resist
borders the axis of the strut cracking forces

« Strut wil form a bottle-like shape, if || « Tension forces in the ties will try to
enough material to support this. create cracks at the axis of the strut
behavior surrounds the strut

Design Calculations

Design Calculations
Node A

Node B
F, - 225Kips

R, ~300kips
C, = 310kips g T, ~111kips
, =383Kips . €, , =31%kips
0= arcan 28 35,52 0-6968°

%4 \ 5,-08
£=10

w, -1, -15%
Ly
w, =1, =113 - W =W 223142117 109
W, =10° (approximate eightof comptesion block C)
W =, =1, 5000+, 0050 - 15"

W, =W, =1,5in0 4, cos0 =18

A, -ugaz-1am
A, =10"12"=120in"

A, <1812~ 2220

. =0.85.1.0-4,500psi 14tin’ = 530kips sl / Fo, =0.85-0.8-4 500psi-189in’ =578kins
(@a97kN) (@571KN)

=085.1.0-4,500psi 120in" = 459Kips Fior, =0.85-0.8-4500psi 129in’ = 395Kips
(2.02kN) \ — wrsnn

F,.. ~0:85-10-4500psi -150in’ ~574kips — = Fonc,, =085-08-4500psi-222in’ = 679%ips
(2:553N) I (3.020N)

0.75-530Kips ~ 404kips = 225Kips - . - o7 Tk~ 01
9N 1000 - ) ; 075100 kb

0.75-4504ips  344kips > 310kips ~C, : e dps = 296kps 2 111kips =T,
(L530KN =1L379KN ~C,) g | )

0.75-574kips ~ 43 kips = 3836ps ~ C, ~ s 075 6T0ts - 102 10Kpo-Cry
(LOL7KN 1704kN =C,) WITHiN Tha Sone (2.264kN 2 1.4186N =C, ,)

Design Calculations

Design Calculations
Node C

Development Length
Node B governs as the available hook anchorage length is less than the one at node C.

The development length /, in a standard hook

2zaaa)2 1)

1,sing +w, cosd =18

A, =15 in-12in =189in
A, =10%in-12in = 1200n°
A, =18 Yin-12in = 222in*
% _0021.0-1.0-60,000psi

Sy, 1277=229,"  (577mm)

., ~085.08.4500psi 1890 =578Kips
osTiN ) -
st 20 355k Following ACI 318-14, which requires for a cover beyond the hook of less than 2.5" a spacing of stirrups not greater than
e = 500p: =395Kip 3d, along I, and the first stirrup being within 2d, of the outside of the bent, /,, may be multiplied by 0.7 accordingly and
Q.7STIN) therefore is reduced to
F..c, =085.08-4,500psi -222in’ = 67%Kips

20 1y, =0.7 22% 16" (404mm)

0.75.-578kips = 434kips > 150kips = R,
(L930KN = 667KN = R,)

0.75-395Kips = 296kips 2167kips =T,
(LBLTHN 2 743KN = C,p)

0.75.679Kips = 509kips = 224kips = C,,
(2264KN 2 997KN =C,,)




Design Calculations

Development Length

Design Calculations

Minimum Reinforcement
The anchorage length is sufficient for both nodes with /, being

The ratio between the area of reinforcement to gross concrete area is

w - % ~0.0025
2 35T Y 516"
osess = 1l 63°+15A 5742 Y5516 (409mm)
W

Assume a reinforcement of #4 at 12", with A, = 0.20in?, therefore with the width of the wall being 12"

2 L153/msT, = 20Y/" :
usec = il 99°+15A 574 -20} (510mm) p= 212”21”2'? =0.0028 2 0.0025 —» OK
I, =16'16 4" (404mm < 409mm)

Conclusion: provide #4 at 12° minimum each way each face.
~> Node Band Node C are acceptable

I could be further reduced by the ratio of A, oqt0 A, o, (3.7/7.62 = 0.49)

additional reduction in /, has not been taken as it will not change the results.

Design Calculations Reinforcing Bar Layout
Minimum Skin Reinforcement

Checking the requirements, no additional the horizontal and vertical minimu reinforcement for shrinkage and
temperature need be provided. If the effective depth of a beam exceeds 36", skin reinforcement shall be distributed
according to ACI 318-14. The skin reinforcementis to be distributed for a distance of /2 at a spacing not exceeding the
least of s> 06, s> 12" and s, > 10004, /(d - 30)

:
1000.0.3%in s, 27Y" (93mm)

Therefore the horizontal reinforcement of #4 at 12" shall be changed to #5 at 7%2" for the bottom of the deep beam and
above the opening in a depth of 37"

A S ROWS OF Q
PLACE WIRDWE)  saATH"
u
“-Reinorcement

Cracks in a bottle-shaped Strut Reinforcing bottle-shaped Struts

Alternate Models
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