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Background

Location of plastic hinges 

and the corresponding 

maximum allowable values 

for displacement ductility 

factors (μ) for various bridge 

substructure systems in cast-

in-place construction, after 

NZTA Bridge Manual (2013)

Typical plastic hinge in cast-in-place construction after a large earthquake 



Background

Type II. Both ends groutedType I. One end grouted, the other threaded

“Seismic Performance of Columns with Grouted Couplers in Idaho Accelerated Bridge Construction Applications”, 

Ebrahimpour et al. (2016), ITD Report 246.

Grouted Couplers (Pantelides et al. 2014)

Grouted Couplers



Background

Lake Belton Bridge Replacement (FHWA, 2009) Typical Grouted Duct Connection (NCHRP Report 698)

Grouted Post-Tensioned Ducts
Post-tensioning ducts embedded in precast concrete components used to connect two concrete elements.



Concept for a Precast Pier System

Demonstration Model 

of the Concept  

Pier-to-cap beam 

connection

Pier-to-footing 

connection
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Concept for a Precast Pier System

Advantages include:

▪ Fast construction (use of ABC)

▪ Simple construction 

▪ Ample installation tolerance

▪ Ease of erection

▪ Use of hollow precast pier shell

▪ Option for solid precast pier shell

▪ Non-proprietary components/materials

▪ Improved on-site safety 

▪ Faster construction 

▪ Allows deformation during smaller movements without cracking and 

crushing of concrete 

Proposed precast bent 



Cast-In-Place Cantilever Pier



Reaction Frame

Servo-valve actuator 

Load Cell

Specimen

Strong Floor Footing Anchors

Gravity Load (50 
kip or 4% f’c Ag)

High-strength rods 
simulating gravity loads
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Cast-In-Place Cantilever Pier



Cast-In-Place Cantilever Pier
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Precast Cantilever Pier



Precast Cantilever Pier
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Cast-In-Place Bent 

Reaction Frame

Servo-valve Actuator

Footing Anchors

Gravity Load 
(55 kip)

High-strength rods 
simulating gravity loads

Strong Floor



Precast Bent 
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Numerical Investigation

▪ Finite Element Analysis of the proposed connection using OpenSees with some

input from SAP 2000.

▪ Calibration of analytical models against experimental data.

▪ Proposing a back-bone curve and appropriate hysteretic rule for the proposed

connection.



❑ Nonlinear beam-column element with distributed plasticity
• Permits spread of plasticity along the element.

❑ Material models
• Unconfined concrete: Concrete01

• Confined concrete: Concrete04

• Reinforcing steel: Steel02

❑ SAP2000 was used to obtain Mander’s stress-strain model strength and strain values 

for confined concrete.

(Astroza, R. et al., 2015)

Numerical Investigation



Numerical Investigation

▪ Portion of OpenSees model

#Create Model with 3 dimensions and 6 degrees of freedom
model BasicBuilder -ndm 3 -ndf 6

#Create 6 DOF nodes

#     tag     x       y       z
node     1    0.0   0.0   0.0

node     2    0.0   0.0   0.0
node     3    0.0   68.5   0.0

node     4    0.0   78.5   0.0
node     5    0.0   88.5   0.0

node     6    -10   78.5   0.0

#Fix node 1
fix  1  1  1  1  1  1  1 

fix  2  1  1  1  0  0  0

#Create uniaxial materials for Concrete and Steel
uniaxialMaterial Concrete01  1  -4.   -0.002  0  -0.005

uniaxialMaterial Concrete04  2  -7.2     -0.0112  -0.0237  2737  
uniaxialMaterial Steel02  3  68   29000   0.01   17   0.925   0.15

#Create hysteretic material to model Bond-Slip
uniaxialMaterial Hysteretic 4  2500  .0031  3085. .096  -2500  -.0031   -3085.  -.096    10.5  0.5  0  0.1  0.4  

#Create fiber section with defined concrete and rebar

section Fiber  1  {
patch circ 2 16  10  0  0  0  7.125  0  360

layer circ 3 12 0.441 0 0 6.75
patch quad 1 1 1 6.75 0 7.5 0 7.4135 1.4992 6.6203 1.3169

...
}



Bond-slip at the footing

TensionCompression

Numerical Investigation



Confined concrete stress-strain from SAP2000, Mander’s model

Numerical Investigation



Numerical Investigation

▪ Octagonal cross-section model in OpenSees

• Circular patch for confined concrete

• Quadrilateral patches for unconfined concrete

• Reinforcing bars generated with the circular arc layer command



▪ Low-cycle fatigue

ε = 0.2468(2Nf)
-0.522
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A615 Brown & Kunnath (2000)

A615 Hawileh (2009)

Combination of Brown & Kunnath and Hawileh's A615

Combined Strain vs Number of Half Cycles to Failure plot for ASTM A615 

(Plot based on data by Brown & Kunnath 2000 and  Hawileh, et al. 2009).

❑ The relation for the strain versus number of half-

cycles to failure for ASTM A615:

0.2468(2Nf)
-0.522

In order to introduce low-cycle fatigue in 

OpenSees, the appropriate parameters for the 

Coffin-Manson curve needed to be introduced. 

#uniaxialMaterial Fatigue $matTag $tag <-E0 $E0> <-m $m> <-min $min> <-max $max>

❑ OpenSees code added lines:

uniaxialMaterial Fatigue 3 100  -E0 0.17 -m -0.522

Numerical Investigation



Numerical Investigation
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Numerical Investigation

Zone 1

Zone 2

Zone 3

Octagonal cross-section model in OpenSees

Precast Pier

Detailed Sections of the Model for Precast Column: 

(a) Zone 1, (b) Zone 2, and (c) Zone 3



Numerical Investigation
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Numerical Investigation

Cast-In-Place Bent Pier
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Numerical Investigation

Precast Bent Pier
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Parametric Case Studies

▪ Building analytical models of full bridge structure in OpenSees. The models are to reflect

the type of bridges constructed in Idaho. Two types of connections will be implemented

in the models: the cast-in-place and the proposed connection.

▪ Running nonlinear static (pushover) and nonlinear dynamic (time-history analysis) on the

models and comparing the global seismic response of the bridge structures (e.g.,

formation of plastic hinges, ductility, strength, force-displacement response etc.)

▪ Comparing capacity versus demand curves for high seismicity for the proposed

connection and cast-in-place construction.

▪ Summarizing findings from global seismic analysis of the bridge structures



Parametric Case Studies

Nonlinear Dynamic Analysis

Plan View of the SH-22 over I-15 Bridge at Dubois (NTS)

Elevation View of the SH-22 over I-15 Bridge at Dubois (NTS)



Parametric Case Studies

Dubois Bridge Model with Node Numbers

  

Dubois Bridge Model with Element Numbers

Nonlinear Static & Dynamic Analyses



Parametric Case Studies

Base Shear vs. Displacement for both CIP and Precast Columns in the Transverse Direction

Nonlinear Static (Pushover) Analysis 



Nonlinear Dynamic Analysis

Parametric Case Studies

Earthquake Records from Different Regions from PEER Website

https://ngawest2.berkeley.edu/

https://ngawest2.berkeley.edu/


Nonlinear Dynamic Analysis

Parametric Case Studies

AASHTO Seismic Coefficient Design Spectrum 

Constructed with the Three-Point Method



Nonlinear Dynamic Analysis

Parametric Case Studies

Uniform Hazard Spectrum Data Points for 

Montpelier, Idaho 
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Project information

Typical Dynamic Input and Response

Displacement vs. Time for Landers Earthquake Pushover vs. Dynamic Response for Landers Earthquake for 

the Bridge with CIP Columns in the Transverse Direction 

(Dir. 1 Long., Dir. 2 Transv.)
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Project information

AASHTO requirement for finding 

maximum base shear and 

displacement load combination:

(1.0A + 0.3B)

Where, 

A = Larger displacement or base 

shear between two directions 

(longitudinal and transverse)

B = Smaller displacement or base 

shear between two directions 

(longitudinal or transverse)

Maximum Base Shear and Displacement for CIP Bridge (Absolute Values Shown)

Cast-In-Place Bridge



Project information

AASHTO requirement for finding 

maximum base shear and 

displacement load combination:

(1.0A + 0.3B)

Where, 

A = Larger displacement or base 

shear between two directions 

(longitudinal and transverse)

B = Smaller displacement or base 

shear between two directions 

(longitudinal or transverse)

Maximum Base Shear and Displacement for Precast Bridge (Absolute Values Shown)

Precast Bridge



Conclusion

▪ A new precast pier system for ABC in seismic zones has been proposed. The concept aims

for an emulative cast-in-place or better performance for the bridge.

▪ The proposed system offers advantages that are not associated with some common

emulative cast-in-place connections such as ample installation tolerance, ease of erection,

and limiting cracking to the pier during smaller earthquakes.

▪ Uni-directional quasi-static cyclic tests were conducted on a large-scale pier specimen to

validate the concept and compare performance with cast-in-place construction.

▪ Compared to an equivalent cast-in-place pier, the precast pier with moment pipe

connection achieved higher strength and ductility.

▪ The analytical modeling is aimed to provide a practical tool for bridge engineers

when considering new connection details.



Conclusion

▪ Analytical models were created for the CIP column and precast column using the

Open System for Earthquake Engineering Simulation (OpenSees) software

▪ To predict the experimental results, low-cycle fatigue data must be included in

the OpenSees models.

▪ Predicted hysteresis force-displacements for single column (CIP and precast) and

CIP bent agreed with the experimental results.

▪ Predicted force-displacement for the precast bent had the same peak forces but

did not follow the experimental results in the last few cycles.

▪ Both bridge models had almost the same pushover base shear yield values.

▪ In some simulations, the maximum dynamic base shear values exceeded the yield

values. This is to be expected since the design seismic accelerations for Dubois

(the actual bridge location) are approximately half those of Montpelier.
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