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Implementation of the
Strut-and-Tie Method
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The Strut-and-Tie Method

" g ! The strut-and-tie
method is intended
for the design of
discontinuity
regions, where
concrete structures
most often fail
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D-Regions and B-Regions
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D-Regions and B-Regions
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Geometric and Loading Discontinuities

Solutions for the Built World 4

Definition of Strut-and-Tie Model

Definition (318-19) Terminology

strut-and-tie model-truss —
Interior strut-

model of a member or st~ 1 7 1

discontinuity region made up
of struts and ties connected at
nodes and capable of

transferring the factored loads t
. Ti Nodal
to the supports or to adjacent ° oo
beam regions
Soltion for the Buit Word 5
5
Strut Strength
L Bound
Fns N Acsfce Interior 1 st(:tljtn aryl
strut
fre = 0856.5s ! /
. L
A, measured
perpendicular to
the strut at node
strut interface T Tie Nodal zone 1
Soltion for the Buit Word s
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Strut Strength

,L‘ Struts are weaker where they are
[5) crossed by skewed cracks (Schlaich
R et al. 1987). B is lower.

3/7/2022
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Strut Strength
T ; 2
\‘_‘ : . A, = 7 <1
E T - 1+—
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Strut Strength

Strut Location st type | _cteris | 5 ||

Tension members or

tension zones of Any All cases 0.4 (@)
members
oGk All cases 1.0 (b)
struts
Distributed reinforcement 0.75 (o)

Al el ezszs Interior Vi < 6544/ fibydtan® 075 (d)

struts

Beam-column joints 075 (e)
All other cases 0.4 f)
Solutions for the BuiftWorld | 9
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Tie Strength

Foe = Atsfy + AtpAfp

Tie—|

Axis of strut— / A
Extended
c 7

nodal ,*
zone .
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Node Strength

Fon = Anzfee
fee = 0.85B:Pnfe

Be =+/A,/A; < 2 (at bearing surfaces) NODE-STRUT

INTERFACE

%
YA ik
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Node Strength

Fan = Anzfee
fee = 0.85B.nf

Configuration of nodal zone m- ’

Nodal zone bounded by struts, bearing

areas, or both 10 (@
Nodal zone anchoring one tie 0.8 (b) 3 :
Nodal zone anchoring two or more ties 0.6 (@) a) CCCnode

Solutions for the Built World 3
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Node Strength

Fan = Anzfce
fee = 0.85B.Bnf

1.
Configuration of nodal zone “. . i

Nodal zone bounded by struts, bearing

areas, or both 0 @
Nodal zone anchoring one tie 0.8 (b)

Fi
Nodal zone anchoring two or more ties 0.6 (0 b) €CT node
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Node Strength

Fan = Anzfce
fee = 0.85B.nf

Configuration of nodal zone “. &

Nodal zone bounded by struts, bearing
areas, or both

Nodal zone anchoring one tie 0.8 (b)

Nodal zone anchoring two or more ties 0.6 (©)
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Curved-bar node (CTT)

Note Strength: Curved-Bar Nodes

B,=0.6 =

2A
Tp = ts},cy
bsf

A curved-bar node is formed by the bend
region of a continuous reinforcing bar (or
bars) where two ties extending from the

bend region are intersected by a strut or
the resultant of two or more struts.

Solutions for the Built World
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Deep Beams
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0.25% distributed reinforcement
is required in each direction for

deep beams
= R !
? 10 2| —Ha,
TF N ‘ F
D ——
Solutions for the Built World 17
Deep Beams
i \_\‘ i :
0 ‘\Q\. L | : 5
i gl e Transfer Girder Design
S i M 318-19: Shear stress is no
T 5 longer limited to 10 /f%.
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18

WIJE PowerPoint Presentation Template

3/7/2022




3/7/2022

Frame Corners

r-6
(22s6)
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Frame Corners

Standard 90

Fig. R12.5)
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Frame Corners
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Frame Corners
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Corbels

—Distributed
reinforcement

Solutions for the Built World 25
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Dapped Ends
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Dapped Ends

. g
Tie "7\(0

t 12

Stirrups (A,.) / Headed $
// [ Bars (A)
¥

wp Tie

>t Limits of
2 b

Extended Nodal
Zone
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Walls and
Beams
with
Openings
28
Pn=7500 kN
Walls and §
Beams : [T] |
With f ] "f"ﬁ”"g:: :;,“ l?ﬁ_ = S s 3650 kN
. : RN AT
Openings 1 A e,
3= '?._' \El“H . ""‘_“,*v~-"’j-—321m
T :— o 50.32 degree
E};‘ 4000mm .y 1590,J015, 2030 1015 1350 | -
540 KN mm ' mm mm mm mm
29
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Walls and Beams with Openings

Solutions for the Built World
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Footings

Vi < $5M4Fbydtand |

Shear crack -
™ . ;‘ H \ o
D R
e " ] 1
-~ 1 1
C g2 Vi . » LS ]
Ff@aqgtntntntnntrnc'
i d
s " 4 Soil pressure
Soil pi ’: SS!"‘E v Resultant of soil pressure
contributing to V, ﬁ applied to strut-and-tie model
Solutions for the Built World 31
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Pile Caps

IA

Vi

¢S5/ Fbydtand |

Solutions for the Built World
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Pile Caps

i
i
-

Solutions for the Built World
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Post-Tensioned Anchorage Zones

Elastic Stress Trajectories [Apoed SO 3, g e e

a)

Solutions for the Built World 34
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Post-Tensioned Anchorage Zones
0.03
A - 0.45
P ’AE g 0220 61
-l 050 7| &=
\b ,_’
% »3"
\ .~ -0.07 0.07
toasp
35

Barbours Cut Terminal « Located in Morgan’s Point, TX

« Terminal Constructed as 6 wharves
T f % 7

between 1970’s and late 1990’s
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What Changes?

= New STS cranes, 100 ft. gage
"Super Post-Panamax”

= Increased gravity and wind
reactions

= Increased mooring and
berthing forces

= 50-year service life extension

Solutions for the Built World 7
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Existing Structure
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= Much larger loads L ’
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New Container Crane

40

Partial Plan
@ o

T TTL TT
o Li Yo i,} N
= ey =

N A | z :\ 1
— e T e I

Tie-down Crane Girder ‘ ‘ Typical Crane Girder ‘
Solutions for the Built World 40
41

Typical Crane Beam

'—‘ '---l--- ¢ CABLE TH

ACI Definition for “Deep Beam”: I B B -
| (a) Clear Span: 76" < 4(h) = 180" 28"
(b) Load Application: 2(h) = 9'-0" = LS I
T T T } |13 0o 13 f10n,
: Need to consider nonlinear |1 T N 4-6” e
[ strain distribution L g A= I
| ! | [ AN ) &Ikl A% | o
I Lo~ L 4 | 0 ] |
- Eolli e
< [ i L\
Casnemy = :\ e
\—2"PVC

s DRAI]
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Analysis Options

Shell Elements

me Analysis . W >~
e Strut-and-tie
43
Strut-and-Tie Models Used for Design
= Multiple challenges T
= Moving loads \
« Flexible supports i & *k
= Three-dimensional behavior N
44
Moving Loads
= Frame elements:
LULLLEL  LLLLLL
= Shell elements:
N N N Y N
e e e e e
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Multiple Models Required
R ZTX2Z2E

v

46

Tedious Calculations

5 pages of MathCAD
" calculations for 2 nodes! |-

47

Design Aid

N
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o AN N P =
<:|___ (N VE
N

0 Y o "o

o o

e Excel helped speed up calculations - "

57 e @ wm w = E TR o m
- Solutions fo the BuitWorkd |48
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Moving Loads

| Top: A, = 5.6 in.2 (5#10) |

Frame Analysis

...but wait ¢ 5 Strut-and-tie

Solutions for the Built World 49

49
. - Increases effective span
Flexible Supports length
- Forces in members depends |
Top: A, = 5.0 in.2 (4#10) on stiffness of truss
Skin: A, = ACI Min. (4#8 EF) - Stiffness is more sensitive
Bottom: A, = 3.6 in.2 (3%#10) W with the flexible support model

=== —

Stirrups: ACI Min. (2#6@12")

Pin Supports

Top: Ag = 10.2 in.2 (8#10)
Skin: A; = ACI Min. (4#8 EF)
Bottom: A = 8.0 in.2 (7#10)
Stirrups: ACI Min. 2#6@12") |

Flexible Supports
(60-ft. unsupported length + flexible clay soil)

Solutions for the Buit World 50
(A
(A2
Crane Beam Section T
46"
23 2.3
1690 g 16 _|10"
#5 AT 1-6" 0.C. EA, .
(2)#8 CONT. EA. #8 TOP AND
SIDE OF RAIL, TYP.— /' SIDE OF RAIL, TYP. /~ BOTTOM, TYF)
= Top Bars: .
&
10#10 PROVIDE SCRATCH
. FINISH PER SPEC., TYP. |
= Bottom Bars: o
10#10 LAYERS, CONT.~~
%
. . <
" Stlrrups. (4)#8 ALONG |~
2#6 @ 9” o.c. EACH FACE. CONT.— \ \-(2)#8 TOP & BOTTOM
(10)#10,2)  }~ \\ WITH#4 AT 12 OC.

LAYERS, CONT.—~ 1

(3) #8 CONT,

\“U-BAR, #6
AT9"O.C.

8" DIA,

NEW 48" DIA.
DRILLED SHAFT \_/O '—(2) #6 STIRRUPS
AT'S"=9"0.C,

51
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Tie-down Crane Girder

Solutions for the Built World 52

52

Tie Downs

= Required to restrain
crane against
overturning during
hurricane wind event

= One tie down location
per 8-wheel group on
crane

= Max. uplift = 2,300 kips

2,300 kips ' 2,300 kips

53

-,

;A‘ ! \'!EKEX{EESS

HONG KONGN,

Cable trench. typ. .

P,
a2z

Crane rail sente rine [‘_j = Drilled shatt. typ.

Crane beam

54
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Tie- down force, typ.

e =

NDRILLED SHAFT g

£ Tension force due to three
dimensional geometry

55

Stirrup Design
ol | 2300Kps | S o

5 = T Y _ 5V bud

NI - ‘\w‘m:ri ¢~ a,/d

q 1 500 kips |

g N P SR Use a hybrid model

i IPEN NNEEE Pro: Node strength
3 —— ] " ‘ Con: Stirrups needed
§ ~1400 kips | | Stirrups:
g3 7.2\, Use steel from drilled shaft
gl | 3#6@8" (hybrid model) vs.
N - 3#6@10.5" (min. steel)
Solutions for the Built World | 56
56
Comparison

Top: Ag = 29 in.2 (24#10)
Stirrups: ??

Shell Elements

| Top: A = 30.1 in.2 (24#10)
Stirrups: 3#6@8"
L2

=288 ——r—300-t——— Stri

1681

Frame Analysis

ut-and-tie

13440

Solutions for the Buiit World 57

57
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(6) BARS CONT.
¥/ FROM B/S-025
/

/
80" i =T
sion F : |
= Top Bars: @1/ S, ERRSERE <
14#11 and 6#10 RRR-SE B PR -
= Bottom Bars: : - . TOR e
©# S o . A #
10#10 A <) "] SEXeRes servee
- St|rrups ol \ DRILLED SHAFTS
7 =
3#6 . TYP.REINF. B \
= Hairpins at base of ERQMEE02 A o
. o \ - #6 U-BAR AT 9" 0.C|
tie down: 6#8 | \
5 U gee 2LC

(3) SETS AT 4" O.C.
ALONG EA, SIDE OF
TIE-DOWN HARDWARE

58

Reinforcement Detailing is a Challenge

Tie Down Location /M\

ONLY TOP MAT OF
LONGITUDINAL

REINFORCEMENT
SHOWN FOR CLARITY

FOR INFORMATIONAL
PURPOSES ONLY

Drilled Shafts:
48" dia

16 #11 Grade 75

Hooks required for anchorage

Tyl

59

Summary

= Implementation for common discontinuity regions
= Deep beams
= Frame corners
= Corbels
= Dapped ends
= Beams supporting beams
+ Inverted T-beams
= Walls and beams with openings
= Coupling beams
= Footings
= Pile caps
= Post-tensioned anchorage zones

= Barbours Cut Terminal project example

Solutions for the Built World 60

60
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The Strut-and-Tie Method
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