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Presenter Introduction



• Introduction
• Strut-and-Tie design philosophy
• Model Development
• Reinforcement Detailing
• Post-tensioning Detailing
• Use of FEA modelling to develop complex strut-

and-tie models

Agenda



• ACI – Left side of Slide

Slide Formating

• AASHTO – Right side of 
Slide

• Seminar will be based on both the ACI and AASHTO Codes
• All loads will be assumed factored as per ACI or AASHTO
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• Bernoulli’s Hypothesis states:  
“Plane Sections remain plane after bending..”

• A linear distribution of strain is the basis for flexural 
design of reinforced concrete to include ultimate 
capacity  

Bernoulli’s Hypothesis



Strut-and-Tie Model



From Schliach, et. al.:

Types of Discrete Nodes



Smeared Nodes

Smeared Node



From Schliach, et. al.:

Types of Struts:



Model Components:

• Concrete Compression Struts 

• Tension Ties – Mild or Post-Tensioned 
Reinforcement

• Connection or Bearing Nodes

Strut-and-Tie Model Development:



• Model should follow the Elastic Stress Distribution

• Strut-and-Tie models are based on Lower Bound 
Theory of Plasticity.

• Models satisfy equilibrium and materials are 
elastic-perfectly plastic

• This requires that reinforcement MUST yield prior 
to concrete crushing (Concrete is NOT perfectly 
plastic!)

Strut-and-Tie Model Development:



• Tension is concrete is neglected

• Strut and Ties are uni-axial

• External Forces must be applied at nodes

Strut-and-Tie Model Development:



• Models should not be hyper-static:

Strut-and-Tie Model Development:



Steps for model Development:

Strut-and-Tie Model Development:



Good models are derived from and follow the elastic 
stress distribution:

Strut-and-Tie Model Development:



Identify D and B Regions

Design Example #1

500 kips

B - RegionD - Region D - Region



Deep Beam

Design Example #1

B - RegionD - Region D - Region



Deep Beam Principle Stress Vectors

Design Example #1



Deep Beam

Design Example #1

Bottle Shaped Strut



Identify Compression Struts and Tension Ties

Design Example #1



Design Example #1



Design Example #1



Design Example #1

Strut/Tie Angles must be > 25 degrees



Design Example #1



RISA STM

Design Example #1



Analysis Results:

Design Example #1



Analysis Results:

Design Example #1



Tension Tie Design:
T= 341 kips
Fy = 60 ksi
Beam Width = 24”

Design Example #1

∅ = 0.90

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 5.5.4.2

∅ = 0.75

𝐴𝐴𝐴𝐴𝐴𝐴 5.5.4.2

𝐴𝐴𝐴𝐴 = 341 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/(0.9 ∗ 60 𝑘𝑘𝑘𝑘𝑘𝑘)

=  6.31 in^2

Use: 4X2 #8 bars, As = 6.32 in^2 

𝐴𝐴𝐴𝐴 = 341 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/(0.75 ∗ 60 𝑘𝑘𝑘𝑘𝑘𝑘)

=  7.58 in^2

Use:  4X2 #9 bars, As= 8.00 in^2



Design Example #1

Diagonal Strut Check at Bearing Node:
C= 419 kips
Fy = 5 ksi
Beam Width = 24”

Strut Thickness = 19.5”

CCT Node



Extended Nodal Region:  Check Reinforcement 
anchorage into nodal region

Strut-and-Tie Model Detailing:



Extended Nodal Region:  Check Reinforcement 
anchorage into nodal region

- Check that hook
development length < 36”

Strut-and-Tie Model Detailing:

Length of Extended 
Nodal Zone = 36”



Design Example #1



Design Example #1



Design Example #1

m = 1.0

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 5.8.2.5.3𝑎𝑎

𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 23.9.2

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

∅P = 0.60 X 1.0 X 5ksi X 24" X 19.5"

Compute Strut Capacity:

∅P = 1,404 kips > 419 kips OK

β𝑛𝑛 = 0.80

𝐹𝐹𝑛𝑛𝑛𝑛 = 0.80 X 0.85 X 5ksi X 24" X 19.5"

∅P = 1,591 kips > 419 kips OK

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 5.8.2.5.3𝑎𝑎 − 1

𝜐𝜐 = 0.85 − ( 5𝑘𝑘𝑘𝑘𝑘𝑘
20𝑘𝑘𝑘𝑘𝑘𝑘

)

= 0.60



Design Example #1



Design Example #1



Design Example #1

𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 23.4.3

β𝑠𝑠 = 0.60

𝐹𝐹𝑛𝑛𝑛𝑛 = 0.60 X 0.85 X 5ksi X 24" X 19.5"

∅P = 1,193 kips > 419 kips OK

Check Strut Capacity:



Design Example #1



Checking of Compression Struts is critical maintain a 
valid STM load path:

- Loss of one member = loss of entire structural       
system

Design Example #1



Design Example #1

Detail Crack control Reinforcement:



Dapped Girder Strut-and-Tie Design:

Reinforced Concrete Bridge Design

695kips



Dapped Girder Strut-and-Tie Design:
Behavior of dapped support

Reinforced Concrete Bridge Design



Potential Strut-and-Tie Models:

Reinforced Concrete Bridge Design



Potential Strut-and-Tie Models:

Reinforced Concrete Bridge Design



Potential Strut-and-Tie Models:

Reinforced Concrete Bridge Design



Dapped Girder Strut-and-Tie Design:

All models are valid, however, the best STM 
combines the following:

1. Closely follows the behavior of the elastic 
stresses

2. Closely follows a reasonable reinforcing pattern

Reinforced Concrete Bridge Design



Dapped Girder Strut-and-Tie Design:
Behavior of dapped support

Reinforced Concrete Bridge Design



Dapped Girder Strut-and-Tie Design:

Reinforced Concrete Bridge Design

B-RegionD-Region

Details:
Add Chamfer to 
eliminate stress riser



• STM should also be developed with the 
reinforcement pattern in mind.

• Example patterns from Schliach et. al

Strut-and-Tie Model Development:



Design Issue – What’s wrong with this reinforcing 
detail?

Strut-and-Tie Model Detailing:



Post-Tensioned Tension Ties

Design Example #2

Check development of PT details



Post-Tensioned Tension Ties

- Provides enhanced serviceability – PT force > 
permanent loading tie force

- Be careful with short bar lengths, the anchor set 
will reduce the effective PT force

- Recommend specifying final bar force, to be 
verified by lift-off.

Design Example #2



Design Example #2

Example:  Try 1 ¼” dia PT Bar      GUTS = 200kips
Max. stressing force = 80% * 200 kips  =  160 kips
Typical anchor set = 1/8” coarse threads, 1/16” fine threads

Peff= 160 kips – (0.125”/54”)*(1.25 in^2*29,000ksi)
=  160 - 84 kips
=   76 kips  (38 ksi)             Less than half the stressing force!

54”



Design Example #2

𝐴𝐴𝐴𝐴𝐴𝐴 23.7

∅Fnt = 0.75 ∗ 2.0 in2 ∗ (38 ∗ ksi + 60 ∗ ksi)

= 147 kips  >  138.2 kips      OK

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 5.8.2.4

∅Pn = 0.90 ∗ 2.0 in2 ∗ (38 ∗ ksi + 60 ∗ ksi)

= 176 kips  >  138.2 kips      OK

Fy of mild reinforcement



Design Issue – What’s wrong with this PT bar detail?

Strut-and-Tie Model Detailing:



Post-tensioning Anchorage Zone

Use of FEA to develop STM



Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM
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Post-tensioning

Use of FEA to develop STM



Post-tensioning

Use of FEA to develop STM



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge

Section at CL Bearing



Case Study: 
Woodrow Wilson Bridge



Case Study: 
Woodrow Wilson Bridge
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