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Idealized compressive stress-strain relationship for assessment of modulus of elasticity of concrete
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Idealized stress-strain relationship of concrete subjected to uniaxial compression



0.75f, -

0.6, , -

fet

|
|
|
|
|
|
|
|
|
|
v

Uniaxial stress-strain relationship of concrete in tension Ect
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Elementary bending theory for prismatic beams
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Strut-and-tie model in corbel

Strut-and-tie model in post-tensioned beam
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Alternative models of corbel and refinements of struts
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Alternative models for corners with ‘closing’ bending moment
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Gy = fﬂ' dw [Nm/m?]
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Hyperbolic Drucker-Prager
flow potential, G
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G =+/(ef; tanyh)? + G2 — ptany

feo the initial uniaxial compressive yield stress
fpo the initial equibiaxal compressive yield stress
fio the uniaxial tensile stress at failure

ir a dimensionless coefficient described as o = %
ha=Jleco

B a dimensionless coefficient, described as § = ;’;(H -1 —({a+1)
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Biaxial yvield surface, valid for plane stress conditions. Adopted firom
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(b) Shear span, a = 2h, limit for a deep beam
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(c) Shear span, a > 2h, slender beam
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Detail at End of Beam
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Feasible Inclined Anale 0
-Swiss Code: 0.5 < Cot 6 < 2.0 (6=26° to 64°)
‘European Code: 3/5 < Cot 6 < 5/3 (6=31° to 59°)
‘Collin’s & Mitchells

emin =10 + llo(vu/[d)fc’bwjd]) deg

Omax = 90 - Oy deg

‘ACI 2002: 0., =25°%; (25° < 0,..om < 65° here)
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(c) C-T-T Node
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Define Structural System
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Strut-and-Tie Model
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Cracking of Compression Strut
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Element Limiting Stress
CCC Node 0.85 ¢ 1,

CCT Node 0.75 ¢ f.

CTT or TTT Node 0.65 ¢ f.

Strut feu

Tie fy or (fpet+fy)

s :
= =< <0.85
e 0.8+170¢, J

e; = (e, + 0.002) cot? a,
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Define Strut-and-Tie Model Input

g

Design Sfep 2
Determine the Locations of the B- and D-Regions

g

{ Design Step 3: ‘

{ Design Step 1 J

Define Load Cases
Diengivary Shop &
Analyze Structural Components

Design Slep 5:
Size Structural Components Using the Shear Serviceability Check

L

[ Design Slep B: I

Develop a Strut-and-Tie Model

Design Shep 7:
Proportion Ties

g

[ Design Slep B: J

Perform Nedal Strength Checks

g

Dersign Slep 9:
Proportion Crack Control Reinforcement

g

[ Design Step 10: J

Provide Necessary Anchorage for Ties

g

Design Step 11:
Draw Reinforcement Layout




Dasign Sep 1.
Define Strut-and-Tie Model Input

22

[ ot i )

Determine the Locations of the B- and D-Regions

22

Dasign Siep 3
Define Load Cases

Dasign Slep 4
Analyze Structural Componenis and Dewvelop
Global Strut-and-Tie Model

[ Dagign Shep 5

Size Structural Components Using the Shear Serviceability Ehack]

Design Slep 6!
Dewvelop Local Strut-and-Tie Models

Deasign Siep 7:
Proportion Ties

Dagign Slep &
Froportion Ledge Reinforcemeant

Deasign Slep &
Perform Nodal Strength Checks

Design Stap 10:
Proportion Crack Control Reinforcement

212

| Design Stap 11 J

Provide Necessary Anchorage for Ties

Design Stap 12
Draw Reinforcement Layout
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Definition of B- and D-Regions
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[ Determine the Tie Width
. Shear Span, a -
hsne % tan{25°) Available Length, hgpy % tan(25°)
- L il e ] Iu X
."f !.-' 1-" ‘ir_.-r'
| | 7]
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==t =l Fan-Shaped
I R Strut
_ Stirups Comprisin
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Fan-Shaped Struts Engaging Reinforcement, Forming a Tie



fia ¥ COS(8s)

-, Strut-to-Node
(1-a) |, al, ! Interface
i Bearihng Face Iy % sin(By)
A 7
Back Face
il I alysin @
0.5h,
¢, of faces, consistent Strut-to-Node N |
with model geometry acosé Interface
Bearing Face, Is

a = portion of the applied load that is resisted by near support

CCC Node Geometry of a CCT Node

Assumed
Prismatic Strut

- E
-~ Extended
Nodal Zone

Critical Section for
Development of Tie

Fy

Available Length



(b} Bearing stress applied from an [c]) Interior node over a continuous
anchor plate or headed bar support

Stress Condition at the Back Face of a CCT Node

0.85

0.85~ /4 js;

[+

0.70

CcC
More Concrete Less Concrete
Efficiency Efficiency

(Stronger) (Weaker)



Concrete Efficiency Factors, v

Face CCC Node CCT Node CTT Node
fe
085 = 20 kst
Bearing Face 0.85 0.70
0.45 < v < 0.65
0.85 — fe_
Back Face 0.85 0.70 20 ksi
0.45 < v = 0.65
e fe 0.85 fe
Strut-to-Node | 085~ 557 | 085~ 5 20 ksi
Interface
045=v =065 | 045=v =065 | 4,c < v <065
NODAL AND STRUT STRESS LIMITS
Strength of struts Strength of nodes
F]’I.E =_Jfl'..£"‘4|:.'|' F.I'JIJ =I,|Fr|'j'£“'4.".|:
Jee= 0855/ Jee= 0.85Bnf”

Ans = Area of the face of the
nodal zone
fe = cylinder compressive
strength of concrete
Br=1.0 (CCC node)

= (.8 (CCT node)

= (.6 (CTT node)

Aes= Cross sectional area of the strut.
Bs= 1.0 (prismatic struts)

= (.75 (bottle shaped with crack control
reinforcement as per Eq.5)

= 0.6 (bottle shaped without
control reinforcement as per Eq 5)

crack
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Back
= Face
Strut-to-Mode
Interface
Centerline of Faces
Consistent with Madel
Geometry

Geometry of a CCC Node Concrete Efficiency Factors for CCC Nodes

Extended Nodal Giici f;‘m'
one
Assume Strut is
Prismatic
Tie
Reinforcin.
91\ %
£l
1 n
_________ _ = v S
; i 7
i : ! | |
Critical Section for L’\\\\\“\\\\\\\‘ 7in
Development of Tie + >
¥ h=14in 5in
L Auvailable Length N * e L. .
™~ Lt )

Geometry of Tie End Hook Development near Node €
Available Development Length for Ties

Py FHI

N
N
Becomes 5
Subdivide this node
-1 “1-
(a) (b)

Modeling Compressive Forces within the Column: (a) Using a Single Strut and (b) Using Two Struts



| Determine the Tie Width |

Y

Shear Span, a
hsma ® tan(25%) Available Length,

-

hsma ¥ tan(25°%)

Mz

| N

I

ll Stiru Fan-Shaped
omprising Tie

Strut

Fan-Shaped Struts Engaging Reinforcement, Ferming a Tie

5 Shear Span, &

-

hsme % tan(25%) | Avallahle Length, _

hsmu X tan(25°)

hamu

“~1_ Fan-Shaped
R Strut
Stirrups Comprisin

Tie



(rd
.5 283
StrutCE  _-"
7 -
Y . Measured from
X Bk Haorizontal
Strut DE i
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245"
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Struts and Nodes within the Inverted-Tee Cap Beam
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(-'Assumad Tie Location
A

At tan B,

8, 45"
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Geometry of a Curved-Bar Node

a=10.5in

—

= Circumferential Bond Stress
W, = HRadial Compressive Sirass

Strut ar Strut
Resultant

|
B8.0In
|
24851k

Node C. of Local Strut-and-Tie Model
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P Available Length N ;
3.5i0n B.0in
|

2.4in
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|
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Critical Section

20in
Clear

Assume Prismatic
Strut

[T 1382k

[~ Extended
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Extended nodal zone anchoring two ties.
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- ~Standard cylinder test
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Cracked concrte
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Softening of compressive stress-strain curve due to
transverse tensile strain
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{a) Stmuctural model

— i ———

(¢

{c) Stmut=and=tie model

(b)) Optimal topology
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(d) Reinforcemeant

Opening knee joint
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Exterior beam-colummn conmection
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{a} Stuctural model (b} Opimal topology
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(c) Strut-and-tie model (d) Reinforcement

Interior beam-column connection
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Model 1

Alternative models for a desp beam with opening

Imaginary Bearing Plate

Tie Width "Wt'

—
Bearing Stress ®@f

C Node

CCT Node /

Model T

- = Strut

C1

Tie width in a CCT node
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Idealized Straight- — ﬁ

Line Strut \ _—a) Prismatic
VA 1
/"_' \ =
| \‘\
2 g
/ \ \\
b) Bottle-Shaped — ¢) Compression Fan

+++t+¥+* +++'+"'ll'

Geometric shapes of struts,
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Types of strut-and-tie model nodes (Mitchell et al. 2004).



i. Hydrostatic Node

-

Axis 2

Axis 1

F1
=3
W,y

=]
e
IAERE]

T4= 0= O,

Mohr's Circle

|+ %
a0, = 6, —* no shear

ii. Non-Hydrostatic Node

F,
= | O,
Wi

-
(tension)

1 +a
{compression)

States of stress in hydrostatic and non-hydrostatic nodes (Brown et al. 2006).

— -
-0 s
(tension) (compression)
| -1
p
y
= h

VA

h

St. Venant's principle (Brown et al. 2006).




Delineate D-regions
from B-Regions

Determing the Boundary
Conditions of the D-region

'

Sketch the Flow of Forces
Through the -region

.

Develop a STM thit s Compatible
with the Flow of Forces

'

Calculate Strut and Tie Forces

Y

Select Steel for Ties and

Determine 1is Locaton

Yes

Steel Fus n
Assumed 5T™M
Geometry

| Cheek Stress Levels in

Struts and Modes

i -
Change Location of

Ties and Modify STM

Maodify $TM by
Changing Tie Locations
or Increasing Bearing Areas
or Increasing Member Geometry
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(¢) Fan

Different types of struts



