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ABSTRACT 

 

 

 

 

Bridges designed with current seismic codes exhibit large displacement capacities, and the bridge total 

collapse is prevented.  However, damage of ductile members is allowed at this performance level.  In 

reinforced concrete bridges excited by ground shaking, columns are the target ductile members in which 

concrete cover, core, and reinforcement may damage, and the column may not return to its original 

position.  Minor damages are usually repaired but excessive damages such as core crushing, bar buckling, 

and/or bar fracture are hard to repair and will usually result in the column or bridge replacement.  

According to FHWA, approximately 25% of the US bridges require rehabilitation, repair, or total 

replacement.  Furthermore, within the next 50 years, many bridges located in the 16 seismic prone states 

of the nation will experience large earthquakes that may cause significant damage.  Induced seismic 

activities in formerly non-seismic states such as Oklahoma may also damage bridges with poor seismic 

detailing.  Even though current practice is successful in attaining the no-collapse objective, a new design 

paradigm is needed to minimize bridge damage incorporating low- to no-damage techniques.  The benefit 

can be enhanced if those low-damage technologies are combined with precast techniques to accelerate 

bridge construction.  The main goal of the present study was to develop a new generation of bridge 

columns which are fully precast, low damage, and repairable through component replacement.  To 

achieve the project objectives, 20 repairable precast detailing alternatives were developed then ranked 

using a 13-parameter rubric including design and construction considerations.  Subsequently, top three 

candidates were selected, designed at 50% scale, and prepared for testing.  The three precast columns 

incorporated different exposed fuses such as stainless-steel bars restrained against buckling and steel 

tendons, which are tension-only members.  Advanced materials such as ultra-high performance concrete 

(UHPC) and self-centering mechanisms were utilized to reduce the column damage and residual 

displacements.  A reference cast-in-place column (CIP) was included for comparison.  The repairable 

precast bridge columns were tested twice under a slow cyclic loading.  The columns were repaired only 

by replacing the exposed fuses and retested under the same loading.  The repair of all three columns were 

overall feasible but the repair of the columns with exposed tendons were very easy, simple, and fast due 

to insignificant residual displacements.  All precast columns exhibited displacement capacities 

comparable with or higher than CIP.  Analytical modeling method were developed for repairable 

columns, which were reasonably accurate.  Subsequently, a parametric study was conducted to better 

understand the behavior of repairable columns using different fuse materials.  Finally, design and 

construction guidelines were proposed to facilitate the use of this new technology.  Proof testing of the 

repair-by-replacement design concept, development of a new generation of rocking columns through 

external post-tensioning, and development of tendon-to-bar mechanical splices are the key outcomes of 

this study.   
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EXECUTIVE SUMMARY 

 

 

 

 

ES.1 Introduction 

Bridges designed with current seismic codes exhibit large displacement capacities, and the bridge total 

collapse is prevented.  However, damage of ductile members is allowed at this performance level.  In 

reinforced concrete (RC) bridges excited by ground shaking, columns are the target ductile members in 

which concrete cover, core, and reinforcement may damage, and the column may not return to its original 

position.  Minor damages are usually repaired but excessive damages such as core crushing, bar buckling, 

and/or bar fracture are hard to repair and will usually result in the column or bridge replacement.  

According to FHWA, approximately 25% of the US bridges require rehabilitation, repair, or total 

replacement.  Furthermore, within the next 50 years, many bridges located in the 16 seismic prone states 

of the nation will experience large earthquakes that may cause significant damage.  Induced seismic 

activities in formerly non-seismic states such as Oklahoma may also damage bridges with poor seismic 

detailing.  New detailing and enhanced materials are emerging to reduce the damage of RC bridge 

columns minimizing the need for repair or replacement after an event.  Low- or no-damage detailing may 

be attractive to bridge owners in seismic regions due to a reduced cost associated with the repair or 

replacement of the bridge.  Columns can be designed to be low damage using advanced materials and/or 

novel detailing.   

 

The present work was carried out to advance the state-of-the-art column design with a new concept of 

repair-by-replacement methodology, such as those used in the car industry.  The benefits can be 

maximized if accelerated bridge construction (ABC) detailing and advanced materials are incorporated in 

a repairable design.   

 

ES.2 Objectives 

The main objective of this study was to develop new details for RC bridge columns that are repairable 

through component replacement.  To achieve this goal, advanced materials and ABC detailing were 

combined to develop feasible repairable alternatives.  All repairable precast column alternatives were 

assessed through a 13-parameter evaluation method to select best details for experimental investigation.  

Of the top candidates, three repairable precast columns were selected, constructed, and tested and the 

results were compared with a reference cast-in-place (CIP) column.  All specimens were half-scale and 

tested under a slow cyclic loading at the Lohr Structures Laboratory on the campus of South Dakota State 

University.  Each column was tested twice under the same loading.  In the second test of each specimen, 

the column exposed fuses were replaced to practice repair through replacement.  Post-test and parametric 

analyses were performed to better understand the performance of repairable columns.  Furthermore, 

design and construction guidelines were proposed for repairable precast bridge columns based on the 

findings of the study.  

 

ES.3 Literature Review 

Novel columns may improve the bridge seismic performance and lower its damage thus minimizing the 

repair need after an earthquake.  The enhanced performance of a novel columns can be achieved using 

advanced materials and/or new detailing.  Advanced materials for reinforced concrete bridges can 

improve column ductility, concrete confinement, and reduce cover spalling while novel column detailing 
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can minimize residual displacements and may further add to the displacement capacity.  A review of past 

studies on advanced materials and novel bridge columns was performed. 

 

ES.4 Repairable Column Alternative Development 

In general, repairable columns envisioned in this project have bars that are exposed, accessible, and 

detachable using mechanical bar splices.  If a type of steel bar is used in this detailing, it must be 

restrained against buckling to avoid low-cycle fatigue.  BRR is a bar that is confined in a steel tube to 

minimize buckling, or a buckling restrained reinforcement.  Alternative to BRR is a fuse with tension-

only members such as steel tendons.  Furthermore, the column diameter must be reduced in the plastic 

hinge region to accommodate the exposed fuses and couplers.  The reduced section of a repairable 

column is called ñneck regionò.  All repairable columns that will be developed in this study are expected 

to be moment-resisting since the exposed bars are axial members forming a tension-compression couple.  

The shear forces associated with the moment will be resisted with either concrete components or an 

additional shear pin connection.   

 

Any repairable column utilizing BRR in the neck region may be reinforced with different types of bars 

including black steel, stainless steel (SS), shape memory alloy (SMA), or Martensitic Micro-composite 

Formable Steel (MMFX).  It may also be possible to use tendons (either steel, SMA, or fiber-reinforced 

polymer, FRP) instead of BRR to allow for a tension-only connection to prevent buckling.  Furthermore, 

self-consolidating concrete (SCC), engineering cementitious composite (ECC), and ultra-high 

performance concrete (UHPC) may be used in the neck region in lieu of conventional concrete to reduce 

damage.   

 

Based on the most feasible combination of advanced materials and novel column detailing, 20 new 

repairable bridge column alternatives were developed (Fig. ES.1).  The alternative development was 

mainly based on the column detailing and their constitutive cementitious materials but not variations in 

exposed reinforcement (either BRR or tendons).  Otherwise, the total number of repairable bridge 

columns would have exceeded 80.   

 

NCHRP Report 864 (Saiidi et al., 2017) contains an evaluation method for novel bridge columns 

including plastic hinge damage, displacement capacity, residual displacement, design considerations, and 

construction and other considerations.  This 13-parameter rating system was selected to assess the 20 

repairable columns and to determine the top candidates for testing.  Table ES.1 presents a summary of 

assessment using the NCHRP method.  For simplicity, all scores were converted to a five-star rating to 

determine the most viable alternatives.  Some columns were rated better than others.  However, it should 

be noted that all the proposed repairable columns will have a unique characteristic ï repairability ï which 

makes them better compared with conventional columns.  

 

Figure ES.2 shows the top four repairable column alternatives based on the above rating system.  Of the 

four alternatives, Column 1, which was ranked 2nd, was tested in a previous project by the research team 

(Sjurseth et al., 2022).  Columns 3 and 15 (respectively ranked as 1st and 3rd) were selected for further 

experimental investigation in this project.  Even though Column 19 rates as high as Column 15, the post-

tensioning of Column 19 must be performed on site to connect the column to the footing.  Nevertheless, 

the post-tensioning of Column 15 may be performed at the precast plant, which offers a better 

constructability and quality.  Therefore, Column 19 was not included in the experimental study.   
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ALT 1 ALT 2 ALT 3 ALT 4 

    
ALT 5 ALT 6 ALT 7 ALT 8 

    
ALT 9 ALT 10 ALT 11 ALT 12 

    
ALT 13 ALT 14 ALT 15 ALT 16 

    
ALT 17 ALT 18 ALT 19 ALT 20 

Figure ES.1. Twenty Detailing Alternatives for Repairable Precast Bridge Columns 
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Table ES.1. Repairable Column Ratings on Five-Star Scale 

Column Five-Star Rating (0-5) 

1: Pipe-pin 3.19  ranked 2nd 

2: Pipe-pin w/ FRP jacket 3.09 

3: Pipe-pin w/ UHPC or ECC 3.26  ranked 1st  

4: Rubber bearing 3.06 

5: Large neck pipe-socket 2.99 

6: Pipe-socket 2.92 

7: Pipe-socket w/ FRP jacket 2.81 

8: Pipe-socket w/ UHPC or ECC 2.99 

9: Pipe-socket w/ post-tensioning 2.95 

10: Neck-socket 2.92 

11: Neck-socket w/ UHPC or ECC 2.95 

12: Neck-socket w/ post-tensioning 2.95 

13: Column-socket 3.06 

14: Column-socket w/ UHPC or ECC 3.09 

15: Column-socket w/ UHPC, post-tensioning 3.16  ranked 3rd  

16: Column-socket w/ FRP jacket 2.95 

17: Rocking 3.09 

18: Rocking with FRP jacket 2.99 

19: Rocking with UHPC or ECC 3.16 ranked 3rd  

20: Segmental 2.95 

 

  
a) Column 1 ï Ranked 2nd b) Column 3 ï Ranked 1st 

  
c) Column 15 ï Ranked 3rd d) Column 19 ï Ranked 3rd 

Figure ES.2. Detailing of Top-Rated Repairable Columns 
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ES.5 Experimental Investigation  

ES.5.1 Test Matrix 

To evaluate the feasibility and seismic performance of the proposed repairable bridge columns, top three 

repairable columns were selected for proof testing.  Furthermore, one reference cast-in-place column was 

included to serve as the benchmark model.  Figure ES.3 shows the column details selected for testing and 

Table ES.2 presents the column test matrix.  The four test specimens can be identified using a naming 

system including the column and connection type.  The reference cast-in-place column is identified using 

the acronym ñCIPò.  The name for the repairable columns starts with RPH referring to ñrepairable precast 

with headed longitudinal bars/couplersò followed by the connection type: ñPCò for the column utilizing a 

pipe-pin connection at the column base with the pipe embedded in the column, ñPFò for a pipe-pin 

connection with the pipe embedded in the footing, and ñNPò for the column with no pin connection but 

instead using a socket connection.  Later, a third term is added to each column ñRò, which indicates that 

the column is repaired by component replacement and retested to prove the proposed repair-by-

replacement concept.   

 

The CIP octagonal cross section was designed with a width of 24 in. (610 mm) and a height of 8 ft (2.44 

m) from the top of the footing to the centerline of the applied lateral load resulting in an aspect ratio of 4.  

The CIP column model incorporated 10, No. 8 (Ø25-mm) longitudinal bars with No. 3 (Ø10-mm) 

transverse hoops spaced at 2 in. (51 mm) on center.  The resulting longitudinal reinforcement ratio and 

transverse volumetric steel ratio were 1.66% and 2.0%, respectively.  The column design axial load index 

was 5%, the design concrete compressive strength was 6,000 psi (41.4 MPa), and ASTM A706 bars were 

considered for all reinforcement.  The column was designed to achieve a minimum displacement ductility 

capacity of 7 based on AASHTO SGS (2011).   

 

A similar cross section to that of the CIP column was used in RPH-PC but a pipe-pin connection was 

devised between the precast column and footing to allow a large rotation at the column base while 

resisting plastic shear forces.  In the neck region, a circular section with a reduced diameter was utilized 

to accommodate exposed reinforcement and connections.  Stainless-steel bars were used instead of 

conventional black steel bars to improve the durability of the exposed components.  Dowel bars matching 

the number and size of the exposed bars were extended out of the footing and the octagonal column to be 

connect to the exposed bars.  Headed Reinforcement Corp. (HRC) 500 Series couplers were used in this 

precast column since they are detachable, reusable, and low profile.  All bars were headed.  The female 

portion of the coupler (the larger piece) was placed on the column/footing dowels and the male portion of 

the coupler was used on the exposed bar.  Longitudinal bars in the RPH-PC column and footing were 

oversized to No. 10 (ɲ32 mm) compared with the No. 8 (ɲ25-mm) bars that were used in fuses.  This was 

done to ensure that the bar yielding occurs within the fuses but not in the column/footing dowels.  No. 8 

( 2ɲ5-mm) stainless-steel bars used as the exposed fuses were machined down from No. 10 (3ɲ2-mm) 

bars to match the CIP longitudinal reinforcement.  In initial testing (fuses colored in yellow), the dog-

bone length was 10.25 in. (260 mm) while the reduced diameter length was 5.125 in. (130 mm) in the 

second testing in which the column was repaired (fuses colored in green).  Different fuse lengths were 

used to investigate their effects on the column overall ductility.  A clear cover of 1 in. (25 mm) was used 

in the column.   
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Table ES.2. Column Test Matrix 

Specimen 

Name 

Exposed 

Reinforcement 

(Fuse) Type 

Connection 

Type 

Column Long. 

Reinforcement  

Column Main 

Material 
Additional Remarks 

CIP N/A Monolithic Black Steel 
Conventional 

Concrete 

Cast-in-place vertical 

construction 

RPH-PC 

Stainless Steel Bars 

Confined with 

Grouted Tubes 

Pipe-Pin Stainless Steel SCC 
Precast column seating on 

footing, column tested twice 

RPH-PF Steel Tendons 
Inverted 

Pipe-Pin 
Black Steel UHPC 

Precast column seating on 

footing, column tested twice 

RPH-NP Steel Tendons 

Grouted 

Socket 

with no Pin 

Black Steel UHPC 

Hybrid rocking precast 

column connected to footing 

via a socket connection, 

column tested twice 

Note:  SCC refers to self-consolidating concrete, and UHPC refers to ultra-high performance concrete.  

 

  
a) CIP ïCast-in-Place Reference Column b) RPH-PC w/ Pipe-pin Connection 

  
c) RPH-PF w/ Inverted Pipe-pin Connection d) RPH-NP w/ Grouted Socket Connection 

Figure ES.3. Connection Details for Column Test Specimens 

 

 

  

Footing

Reinforcing

Steel Bars

C
o
n
v
e
n
ti
o
n
a
l

B
ri
d
g
e
 C

o
lu

m
n

C
o
n
v
e
n
ti
o
n
a
l

C
o
n
c
re

te

Footing

Column
Steel Bars

Footing
Steel Bars

P
re

c
a

s
t

C
o

lu
m

n

S
te

e
l

P
ip

e
S

te
e
l

S
o
c
k
e
t

C
o

u
p

le
rs

BRR/Tendon

Footing

Column
Steel Bars

Footing
Steel Bars

P
re

c
a

s
t

C
o

lu
m

n

S
te

e
l

S
o

c
k
e

t

S
te

e
l

P
ip

e

C
o

u
p

le
rs

BRR/Tendon

Socket
Connection

Footing

Column
Steel Bars

P
re

c
a
s
t

C
o
lu

m
n

BRR/Tendon

C
o
u
p
le

rs



xxvi 

The detailing of RPH-PF was mostly the same as that of RPH-PC, but with some modifications based on 

lessons learned from the first repairable column testing (RPH-PC).  The same geometry, cross section, 

and reinforcement as RPH-PC were used in the precast column, neck region, and cast-in-place footing.  

One major change in RPH-PF compared with RPH-PC was the use of UHPC in the column instead of 

SCC, which was done to reduce the column damage.  Furthermore, conventional black steel was used in 

lieu of stainless steel since the effects of stainless-steel bars were already explored in RPH-PC.  Despite 

attempts to eliminate buckling of BRR in RPH-PC, a major Z-shape bending occurred at high drift ratios 

outside BRR within the gap between the coupler and steel tube.  To eliminate any type of buckling, a new 

bar-to-steel-tendon coupler was designed in collaboration with Headed Reinforcement Corp. in which the 

exposed fuses work in tension only in lieu of the tension-compression mechanism of BRR.  The male 

portion of the HRC 500 couplers was redesigned to accommodate 0.6-in. (15-mm) diameter seven-wire 

steel tendon.  Since the area of a 0.6-in. (15-mm) tendon is approximately one-third that of a 1-in. (25-

mm) diameter bar used in BRR, the number of longitudinal reinforcing bars in RPH-PF was increased 

from 10 to 14 to better match the moment thus lateral force capacity of RPH-PC.  Another detailing 

modification was that the pipe (now a solid steel shaft) in RPH-PF was embedded into the footing rather 

than the column as was the case in RPH-PC.  This allowed for the steel socket to be inverted and placed 

in the column neck section, eliminating durability issues such as possible water buildup in the socket.  

Furthermore, the pipe cross section was changed from a circle to a solid square to better resist column 

torsion.   

 

The cross-sectional properties, reinforcement, and cementitious materials of PRH-NP were the same as 

those of RPH-PF.  UHPC was used for the entire precast column.  Steel tendons were incorporated as 

tension-only fuses and no BRR was used.  The column was fully precast and was connected to the footing 

using a grouted socket (pocket) connection.  To accommodate the socket connection, the height of the 

footing was increased from 2 ft (610 mm) used in all other columns to 3 ft. (914 mm).  The column height 

from the top of the footing to the centerline of the applied lateral load remained the same as other 

specimens, 8 ft. (2.44 m).  Post-tensioning requirements of this hybrid rocking column were designed 

following recommendations from NCHRP Report 864 (Saiidi et al., 2017) in which the total tendon area 

must be greater than 0.4% of the gross cross-sectional area of the column and the initial tendon stress 

after all losses should be less than 30% of the tendon yield strength.  These design values ensure that steel 

tendons do not yield, and that the column fails either by bar/fuse fracture or core concrete crushing.  The 

final design resulted in 15, 0.5-in. (13-mm) diameter grade 270 (1862-MPa) seven-wire steel strands, each 

post-tensioned to no more than 60 ksi (414 MPa).  A ñDYWIDAG 19-0.5 Multiplane Anchorage MAò 

system was incorporated to anchor the 15 unbonded tendons, which were grouped and passed through the 

column cross section using a 3-in. (76-mm) plastic duct.  

 

ES.5.2 Test Results 

Figure ES.4 shows the damage of the plastic hinge region for CIP, RPH-PC, RPH-PF, and RPH-NP after 

the second pull of the 2.0% drift cycle.  CIP and RPH-PC experienced some flexural cracks while no 

damage was observed in RPH-PF and RPH-NP.  CIP was a conventional column thus the observed 

damage was typical.  SCC was used in RPH-PC thus some cracks were expected.  At the rocking face of 

RPH-PC, some spalling was observed mainly due to the use of the steel shims placed between the column 

and the steel baseplate at the rocking interface.  Nevertheless, the apparent damage of RPH-PF and RPH-

NP cast with UHPC was minimal at 2% drift ratios.   

 

Figure ES.5 shows the damage of the four columns at 4% drift ratio, just prior to the repair (for the 

precast columns not CIP).  CIP experienced a significant spalling.  RPH-PC exhibited both flexural and 

shear cracks above the neck section, a minor Z-shape bending of BRR, and spalling of SCC at the column 

base.  Nevertheless, RPH-PF showed no damage and RPH-NP exhibited minor flexural cracks in the neck 

section.  
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Figure ES.6 shows the plastic hinge damage of CIP, RPH-PC-R, RPH-PF-R, and RPH-NP-R at their 

failure.  CIP exhibited extensive damage such as concrete crushing, and buckling and fracture of the 

longitudinal bars.  Several cracks, spalling of SCC, and a Z-shape deformation of BRR were observed for 

RPH-PC-R.  Nevertheless, the UHPC damage was minimal in RPH-PF-R and RPH-NP-R.  RPH-PF-R 

had only a few cracks at the base of the column.  RPH-NP-R had a few more flexural cracks than RPH-

PF-R both on and above the neck section.   

 

In terms of reparability, CIP could not be repaired at 10% drift due to the extent of the damage.  The 

repair of RPH-PC was difficult due to the bending of column/footing dowel bars, the Z-shape 

deformation of BRR, and large residual displacements seen at high drifts.  RPH-PF had insignificant 

residual displacements with no column/footing dowels bent thus it was very easy to repair.  In fact, this 

column was repaired and prepared for retesting in less than two hours.  The repair of RPH-NP was also 

simple and quick at 4% drift ratio; however, the repair might be slightly more challenging at very large 

drifts due to moderate level residual displacements.  Nevertheless, at any residual displacements, the 

tendons can be cut to the appropriate lengths and installed.  This is a significant enhancement of the 

repairability compared with RPH-PC where BRR lengths cannot be easily adjusted onsite (a portable 

heading machine is needed to head the ends of BRR onsite) and there is a small tolerance to install each 

BRR.  Furthermore, tightening the coupler of the tendon-to-bars using simple tools (pipe wrenches) can 

generate a significant tensile force in tendons (e.g., 10 kips (44.5 kN) in RPH-PF) thus such fuses may 

serve as both the column longitudinal reinforcement and a recentering mechanism.  This is a novel hybrid 

rocking connection in which post-tensioning is outside the column and fully  accessible.  This is a 

significant enhancement of durability compared to conventional rocking systems since post-tensioning of 

rocking columns in all past studies were internal with no to minimal accessibility for the inspection and 

maintenance.  UHPC showed a superior performance compared with conventional concrete and SCC and 

is thus recommended for such repairable columns.   
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a) CIP (Sjurseth et al., 2022) b) RPH-PC 

  
c) RPH-PF d) RPH-NP 

Figure ES.4. CIP, RPH-PC, RPH-PF, and RPH-NP Plastic Hinge Damage after 2% Drift Cycle 
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a) CIP (Sjurseth et al. 2022) b) RPH-PC 

  
c) RPH-PF d) RPH-NP 

Figure ES.5. CIP, RPH-PC-R, RPH-PF-R, and RPH-NP-R Plastic Hinge Damage at 4% 
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a) CIP at 10% Drift (Sjurseth et al. 2022) b) RPH-PC-R at 10% Drift 

  
c) RPH-PF-R at 9% Drift d) RPH-NP-R at 8% Drift 

Figure ES.6. CIP, RPH-PC-R, RPH-PF-R, and RPH-NP-R Plastic Hinge Damage at Failure State 
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Figure ES.7 shows the lateral force-drift hysteretic curves for the three repairable columns including their 

repaired testing superimposed on the CIP response.  RPH-PC and RPH-PC-R exhibited a lower initial 

stiffness compared with that of CIP, but similar force and displacement capacities were achieved.  Note 

that RPH-PC did not fail but the test was stopped at 10% drift, where the CIP column failed.  Even 

though no specific self-centering mechanism was used, RPH-PC and its repaired version, both with 

stainless-steel BRR, showed a moderate-level reduction (e.g., 44% at the last cycle) in residual 

displacements compared with CIP.  However, the residual displacement reduction at high drifts was not 

sufficient to allow an easy BRR replacement.  The column/footing dowels were also bent limiting the 

repair-by-replacement technique.  Therefore, this column needs an alternative BRR such as SMA to 

minimize the dowel damage and residual displacement.  The incorporation of tendon fuses might be 

another alternative.   

 

RPH-PF and RPH-PF-R had a significantly lower initial stiffness, a slightly lower lateral strength, and a 

similar displacement capacity compared with CIP.  Both RPH-PF and RPH-PF-R exhibited insignificant 

residual displacements throughout the entire testing allowing a simple and fast replacement of tendon 

fuses.  The strong recentering behavior of this column proves that the external tendons can simultaneously 

serve as the column longitudinal reinforcement and rocking reinforcement.  Therefore, RPH-PF detailing 

is a new generation of hybrid rocking columns in which rocking reinforcement is fully accessible.  Note 

that exposing the tendons may cause durability issues.  All exposed reinforcement should be protected 

against weather conditions.  For example, stainless-steel bars must be used as column/footing dowels, and 

stainless-steel, galvanized, or epoxy-coated tendons (such as those used in cable-stayed bridges) should 

be incorporated as tendon fuses.   

 

In RPH-NP and RPH-NP-R, the initial stiffness most closely matched that of CIP.  Furthermore, this 

repairable column showed a 37% higher lateral strength, but a 14% lower displacement capacity 

compared with CIP.  Despite the use of an established rocking system (internal post-tensioning) as well as 

the external tendon fuses, this column did not show insignificant residual displacements mainly due to the 

rebar hinge connection at the column base.  Nevertheless, the repair at 4% drift ratio was relatively easy 

and fast since the new tendons were cut in length and installed even when the column had a residual drift 

ratio of 1.5%.    

 

Figure ES.7d shows the average pushover envelopes for CIP and all repairable columns.  The 

displacement ductility capacities of the three repaired precast columns were all significantly lower than 

that of CIP due to the reduced stiffness and delayed yielding.  However, for novel columns, the drift 

capacity is often a better indicator of the column performance than the displacement ductility capacity.  

CIP failed by the longitudinal bar fracture at 8.96%.  RPH-PC-R did not fail, since the test was stopped, 

but the column drift capacity was assumed to be 9.8%.  RPH-PF-R failed by the tendon rupture at 8.9% 

drift ratio.  RPH-NP-R failed by the neck bar rupture at 7.7% drift ratio.  Therefore, the displacement 

capacity of RPH-PC-R was 9% higher than that of CIP and the displacement capacities of RPH-PF-R and 

RPH-NP-R were 0.6% and 14% lower than that of CIP, respectively.  Figure ES.7d also includes the 

design level drift demand based on the AASHTO spectrum for Downtown Los Angeles, CA using the 

period of the CIP column.  While all repairable columns were pushed well past the drift demand before 

repair and retesting, it may be noted that their reduced stiffness increases their period and thus likely 

increases their drift demand under the same design level earthquake.  Further study such as shake table 

testing is needed to better understand the dynamic behavior of the proposed repairable columns. 

 

Overall, all precast columns were repairable, especially those with tendon fuses, and were retested after 

being pushed well past the displacement demand of the CIP column with minimal damage.   
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a) CIP, RPH-PC, and RPH-PC-R b) CIP, RPH-PF, and RPH-PF-R 

 

 

c) CIP, RPH-NP, and RPH-NP-R d) Backbone for All Columns 
Figure ES.7. Measured Force-Drift Hysteretic and Envelope Responses 

 

Figure ES.8 shows the measured residual versus peak drift relationships for the CIP and repairable 

columns.  All columns had a negligible residual displacement up to 1% drift.  Furthermore, RPH-PC and 

RPH-PF exhibited insignificant residual drifts up to 4.0% peak drift.  The residual-peak drift relationships 

for RPH-PF-R and RPH-NP-R closely match those of their initial testing while RPH-PC-R experienced 

smaller residual drifts compared with its initial testing (RPH-PC).  After their initial plateaus, it can be 

seen that the residual-peak drift response for RPH-PC-R and RPH-NP-R follows the same slope as CIP, 

while the response for RPH-PF-R increases at a much smaller rate.   

 

Residual drifts less than 1% may be assumed insignificant after an earthquake (NCHRP 864).  Overall, 

RPH-PF-R experienced the smallest residual drifts among all columns and stayed below the ñ1% residual 

driftò limit.  Self-centering is a key parameter in the reparability of the proposed precast columns since a 

close-to-plumb position allows for a quick and easy replacement of the fuses.   

 

  

-400

-350

-300

-250

-200

-150

-100

-50

0

50

100

150

200

250

300

350

400

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

70

80

90

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

B
a

s
e

  
S

h
e

a
r 

 (
k
N

)

B
a

s
e

  
S

h
e

a
r 

 (
k
ip

s
)

Drift  (%)

CIP

RPH-PC

RPH-PC-R

-400

-350

-300

-250

-200

-150

-100

-50

0

50

100

150

200

250

300

350

400

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

70

80

90

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

B
a

s
e

  
S

h
e

a
r 

 (
k
N

)

B
a

s
e

  
S

h
e

a
r 

 (
k
ip

s
)

Drift  (%)

CIP

RPH-PF

RPH-PF-R

-400

-350

-300

-250

-200

-150

-100

-50

0

50

100

150

200

250

300

350

400

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

70

80

90

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

B
a

s
e

  
S

h
e

a
r 

 (
k
N

)

B
a

s
e

  
S

h
e

a
r 

 (
k
ip

s
)

Drift  (%)

CIP

RPH-NP

RPH-NP-R

0

50

100

150

200

250

300

350

400

0

10

20

30

40

50

60

70

80

90

0 1 2 3 4 5 6 7 8 9 10

B
a

s
e
  
S

h
e
a

r 
 (

k
N

)

B
a

s
e
  
S

h
e
a

r 
 (

k
ip

s
)

Drift Ratio (%)

CIP

RPH-PC

RPH-PC-R

RPH-PF

RPH-PF-R

RPH-NP

RPH-NP-R

ɛ= 2.45
ɛ= 1.63

ɛ= 12.37
ɛ= 1.81

CIP AASHTO 

Demand for 

Downtown Los 

Angeles, CA



xxxiii  

 
Figure ES.8. Measured CIP and Repairable Column Residual Drifts 

 

 

ES.6 Analytical Investigation of Column Test Specimens 

A general modeling methodology was developed for the repairable columns and was slightly modified per 

column specimen to accommodate different column details.  A three-dimensional finite element model 

utilizing six degrees of freedom (DOFs) and a fiber-section was used to analyze the CIP, RPH-PC, RPH-

PF, and RPH-NP columns.  Figure ES. 9 shows the CIP model and the general model developed for the 

repairable columns.   

 

 
Figure ES.9. Cast-in-Place and Repairable Bridge Column Models 

 

The fuses were simulated using ñtrussò elements spread radially around the center two 

ñforceBeamColumnò elements.  The truss elements had the length and sectional area of the fuses.  The 

truss elements were connected to the column section using ñelasticBeamColumnò elements.  The core 

concrete properties were used to determine the modulus of elasticity used in the beam-column elements 
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while it was found that the cross section used to determine the area and moment of inertia could best be 

approximated using a rectangle with a width equal to one-tenth of the circumference of the column core 

and an arbitrary height.   

 

Figure ES.10a shows the calculated and measured force-displacement relationships for the CIP column.  

The initial stiffness of the calculated and measured pushover curves matched well.  Furthermore, there 

was only a 5.4% difference between the calculated (61.9 kips or 276 kN) and measured (65.4 kips or 291 

kN) lateral strength of the column.  The calculated drift capacity of CIP was 7.64%, which was 14.7% 

lower than the measured drift capacity of 8.96%.  The model predicted that CIP failed by bar fracture, 

which was also observed in the column testing.  

 

Figure ES.10b shows the calculated and measured force-drift relationships for RPH-PC with the long 

BRR (Lf of 11.25 in (286 mm) used in the first test).  The initial calculated stiffness is slightly higher than 

the measured stiffness.  The calculated peak lateral force was 64.0 kips (285 kN) while the measured 

lateral strength was 5.6% higher (67.8 kips or 302 kN).  The first test of RPH-PC was stopped at a drift 

ratio of 5% to perform the fuse replacement.  Nevertheless, the analytical model predicts that the failure is 

at 13.2% drift ratio due to a strength degradation.  Overall, the analytical model for RPH-PC using the 

long fuses reasonably reproduced the behavior of RPH-PC up to 5% drift.  

 

Figure ES.10c shows the calculated and measured force-drift relationships for both RPH-PF and RPH-

PF-R.  The same analytical model was used for both columns since no change to the fuse properties and 

geometries was made between the two tests.  The average fuse length (Lf) was 13 in. (330 mm) but 

differed slightly between tendons due to a minor slipping of some wedges during installation and a minor 

difference in the column/footing dowel lengths.  The calculated and measured initial stiffnesses were 

similar up to 5 kips (22 kN) after which the stiffness of the test specimens softened.  The calculated peak 

lateral force was 56.8 kips (253 kN) while the measured lateral strength was slightly higher at 57.9 kips 

(258 kN), a 1.9% difference.  The analytical model predicted the failure drift at 8.03% due to the rupture 

of the tendon fuses.  RPH-PF-R failed at 8.91% drift ratio in the test, which is 9.9% higher than the 

calculated failure drift.  Overall, the analytical model reproduced the behavior of the RPH-PF and RPH-

PF-R columns with a reasonable accuracy.  

 

The calculated and measured force-drift relationships for both RPH-NP and RPH-NP-R are shown in Fig. 

ES5.10d.  Similar to RPH-PF, no change was made to the fuse properties and geometries between the two 

tests thus the same model was utilized for both columns.  The average fuse length (Lf) was again 13 in. 

(330 mm) with a slight difference between tendons.  It can be seen that the measured initial stiffness of 

the RPH-NP column matched well that of the analysis.  The initial stiffness of RPH-NP-R was degraded 

between the two tests, mainly due to the UHPC and neck bar damage, which was not included in the 

analysis.  The calculated peak lateral force was 83.0 kips (369 kN) while the measured lateral strength 

was 83.5 kips (371 kN), only a 0.6% difference.  While the calculated stiffness and lateral load capacity 

of RPH-PF matched those of the testing, the calculated drift capacity was 9.59%, which was 25% higher 

than the measured drift capacity of 7.68%.  The model predicts that the column fails by a tendon fuse 

rupture; however, the actual column failed by the strength degradation caused by the bar fracture in the 

rebar hinge connection.  This is likely due to the large cracking of UHPC at the column-footing interface 

resulting in a high strain concentration at the rebar hinge, which would be very hard to simulate in 

software that assumes plane sections remain plane. 

 

Overall, the models were able to replicate the force-displacement relationship of the columns with a 

reasonable accuracy.  Further analyses are needed to include the material degradation between multiple 

testing of the same specimen.   
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a) CIP b) RPH-PC 

  
c) RPH-PF d) RPH-NP 

Figure ES.10. Calculated vs Measured Force-Drift Responses 

 

 

ES.7 Parametric Investigation of Repairable Precast Columns  

A parametric study was performed to investigate the effects of different variables on the force-

displacement behavior of repairable columns.  Four key variables were included in the parametric study 

including (a) three column aspect ratios (4, 6, and 8), (b) three column axial load indices (5%, 10%, and 

15%), (c) three fuse types (stainless-steel bars, shape memory alloy bars, and steel tendons), and (d) three 

fuse lengths of 0.25Lp, 0.5Lp, and 0.75Lp, where Lp is the analytical plastic hinge length of a 

corresponding CIP calculated according to AASHTO SGS (2011).  A total of 81 repairable precast bridge 

columns were included in the study.  Furthermore, 9 CIP columns with three ARs (of 4, 6, and 8) and 

three ALIs (of 5%, 10%, and 15%), all with a displacement ductility capacity of 7, were adopted from 

Sjurseth et al. (2022) and were included as the reference models.  Only the CIP columns with the highest 

ductility were included since any repairable column matching or exceeding its corresponding CIP 

columnôs displacement capacity will of the interest.  OpenSees (2016) was utilized in the analyses.  The 

modeling methods for the repairable columns were the same as those used in the post-test model 

validation discussed earlier.   

 

Figure ES.11 shows sample pushover results for CIP and repairable columns utilizing different fuse 

materials and lengths.  Overall, the parametric study indicated that all three material types (SS, SMA, 

tendon) can be used as external fuses.  The designer has the option to match the force and/or displacement 

capacity of RPH with its corresponding CIP column.  The forces can be adjusted by the number or 

diameter of the fuses.  Further, the displacement capacity can be adjusted by changing the fuse length.  

For example, a designer can increase the number of the 0.7-in. (Ø18-mm) diameter steel tendons with a 

fuse length of 0.75Lp to match the CIP force and displacement capacities.   
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Figure ES.11. Pushover Analysis for RPH-AR4-ALI5 

 

ES.8 Design and Construction Recommendations 

General design and construction guidelines were proposed for repairable precast bridge columns based on 

the findings of the experimental and analytical studies to facilitate the use of these columns in future 

studies or field applications. 

 

ES.9 Conclusions 

The following conclusions were drawn based on the experimental and analytical investigations: 

 

¶ The NCHRP 13-parameter rating system was found viable in identifying the best repairable 

bridge column detailing alternatives for testing.  This rating system may be used for the 

development and evaluation of any new repairable column alternatives.   

¶ CIP failed by the longitudinal bar fracture after extensive concrete spalling.  The lateral strength 

of CIP was 65.4 kips (291 kN) with a drift capacity of 8.96%. 

¶ Testing of RPH-PC-R was stopped at 10% drift to avoid setup damage, which was right before 

reaching the 15%-drop-in-force limit (as the failure point).  SCC spalling was observed above the 

neck section mainly caused by compressive forces of BRR pressing clamping collars to SCC.  

Furthermore, a Z-shape bending of BRR was seen, which limited their replacement.  The lateral 

strength of RPH-PC-R was 74.7 kips (332.3 kN), which was 14.2% higher than that of CIP.  The 

drift capacity of RPH-PC-R was 9.80%, which was 9.3% higher than that of CIP. 

¶ RPH-PF-R failed by the rupture of multiple tendon fuses with minimal UHPC damage.  The 

lateral load capacity of RPH-PF-R was 59.8 kips (266 kN), which was 8.6% less than that of CIP.  

The drift capacity was 8.91%, which was very close to that of CIP.  
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¶ RPH-NP-R failed by the strength degradation mainly due to the rupture of neck bars at the rebar 

hinge.  Minor UHPC spalling at the base of the column was observed.  The lateral load capacity 

of RPH-NP-R was 86.9 kips (387 kN), which was 32.9% higher than that of CIP.  The drift 

capacity of this column was 7.68%, which was 14.3% less than the CIP drift capacity. 

¶ The Z-shape buckling of stainless-steel BRR used in the RPH-PC column made the repair by 

replacement very difficult.  Furthermore, the column/footing dowels of RPH-PC were bent, and 

the column had some residual displacements which further complicated the placement of new 

BRR.  Nevertheless, the incorporation of the steel tendons as the tension-only fuses in RPH-PF 

and PPH-NP eliminated any column/footing dowel damage and further helped with the 

recentering of the columns.  Tendon fuse replacement was relatively quick and simple.   

¶ No to minimal residual displacements are desired in any repairable column since the column 

should be close to its original position after the event easing the fuse replacement.  All repairable 

columns showed smaller residual displacements compared with CIP.  However, the residual 

displacement of RPH-PF was insignificant throughout the entire testing.   

¶ A tendon fuse can double serve both as typical longitudinal reinforcement and self-centering 

reinforcement with an additional benefit of accessibility for inspection since they are exposed.  

¶ Use of UHPC greatly reduced apparent cracking and spalling, even at the fuse failure. 

¶ Overall, the proposed modeling methods for repairable columns can predict the column force-

displacement relationship with a reasonable accuracy.   

¶ Based on the 90 pushover parametric analyses, for a repairable column to surpass the 

displacement capacity of its corresponding CIP, the fuse length should be at least 25%, 50%, and 

75% of the CIP analytical plastic hinge length using stainless-steel BRR, shape memory alloy 

BRR, and steel tendon fuse, respectively.  

 

Overall, the proposed detailing alternatives for the three repairable columns were feasible since all 

columns were successfully repaired by fuse replacement and were retested.  However, the repair-by-fuse-

replacement is simple and easy if tension-only members are used as the external fuses.  Furthermore, the 

three repairable columns exhibited comparable seismic performance compared with CIP with smaller 

residual displacements.  Nevertheless, all repairable columns had lower initial stiffness compared with 

CIP and exhibited stiffness degradation between the two tests.   
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CHAPTER 1. INTRODUCTION 

 

 

 

 

1.1 Introduction 

Bridges designed with current seismic codes exhibit large displacement capacities, and the bridge total 

collapse is prevented.  However, damage of ductile members is allowed at this performance level.  In 

reinforced concrete (RC) bridges excited by ground shaking, columns are the target ductile members in 

which concrete cover, core, and reinforcement may damage, and the column may not return to its original 

position.  Minor damages are usually repaired but excessive damages such as core crushing, bar buckling, 

and/or bar fracture are hard to repair and will usually result in the column or bridge replacement.  

According to FHWA, approximately 25% of the US bridges require rehabilitation, repair, or total 

replacement.  Furthermore, within the next 50 years, many bridges located in the 16 seismic prone states 

of the nation will experience large earthquakes that may cause significant damage.  Induced seismic 

activities in formerly non-seismic states such as Oklahoma may also damage bridges with poor seismic 

detailing.  New detailing and enhanced materials are emerging to reduce the damage of RC bridge 

columns minimizing the need for repair or replacement after an event.  Low- or no-damage detailing may 

be attractive to bridge owners in seismic regions due to a reduced cost associated with the repair or 

replacement of the bridge.  Columns can be designed to be low damage using advanced materials and/or 

novel detailing.   

 

Advanced materials such as ultra-high performance concrete (UHPC) and engineered cementitious 

composites (ECC) may be used in place of conventional concrete to provide some tensile capacity and to 

reduce cracking and spalling of concrete.  Incorporation of different reinforcement such as stainless steel 

(SS) or micro-composite multi-structural formable (MMFX) steel may increase the strength and overall 

stiffness of the RC column while reducing reinforcement corrosion.  The use of shape memory alloy 

(SMA) bars may eliminate residual displacements by providing recentering.  Furthermore, fiber 

reinforced polymer (FRP) wraps can reduce concrete damage by providing a significant confinement.  

 

A few accelerated bridge construction (ABC) details have been proof tested in laboratories and found 

suitable for bridge columns located in high-seismic regions of the nation: pocket connections, mechanical 

bar splice connections, and grouted duct connections.  In a pocket connection, also known as socket 

connection, a fully precast column can be secured in a large void in the column adjoining member and 

then be grouted.  A type of mechanical bar splice, e.g., grouted, is used in mechanically spliced columns.  

In a grouted duct connection, column longitudinal bars are extended out of the column, are placed in 

individual ducts, and then are grouted.  Columns can be axially pre-stressed or post-tensioned to reduce 

residual displacements, which is called a rocking mechanism.  When another type of reinforcement is 

used in addition to the tensioning reinforcement, the combined system is called a hybrid rocking column.   

 

It is feasible to combine the innovative detailing such as ABC with advanced materials to expedite 

construction, provide additional ductility to RC columns, and reduce column damage.  For example, a 

precast column utilizing pocket connection and a rubber bearing in the plastic hinge region will exhibit no 

damage and will have higher displacement capacity.   

 

The present work is to advance the state-of-the-art column design with a new concept of repair-by-

replacement methodology, such as those used in the car industry.  It might also be possible to expose 

column bars for a quick replacement after an event.  The benefits can be maximized if ABC detailing and 

advanced materials are incorporated in a repairable design.   



2 

 

1.2 Objective and Scope 

The main objective of this study is to develop new details for RC bridge columns that are repairable 

through component replacement.  To achieve this goal, advanced materials and ABC detailing are 

combined to develop feasible repairable alternatives.  All repairable precast column alternatives are 

assessed through a 13-parameter evaluation method to select best details for experimental investigation.  

Of the top candidates, three repairable precast columns will be selected, constructed, and tested and the 

results are compared with a reference cast-in-place (CIP) column.  All specimens will be half-scale and 

tested under a slow cyclic loading at the Lohr Structures Laboratory on the campus of South Dakota State 

University.  Each column is tested twice under the same loading.  In the second test of each specimen, the 

column exposed fuses are replaced to practice repair through replacement.  Post-test and parametric 

analyses will be performed to better understand the performance of repairable columns.  Furthermore, 

design and construction guidelines are proposed for repairable precast bridge columns based on the 

findings of the study.  

 

1.3 Document Outline 

Chapter 1, the present chapter, consists of an introduction, scope of work, and a document outline.  A 

literature review is included in Chapter 2 including studies on both advanced materials and low-damage 

bridge columns.  Chapter 3 discusses the development of 20 repairable column alternatives and a rating 

system to evaluate them for further investigation.  Experimental investigation of the four, half-scale 

bridge columns is discussed in Chapter 4.  Furthermore, Chapter 5 includes the analytical investigation of 

the repairable precast column test specimens.  A parametric study was carried out in Chapter 6.  Chapter 7 

provides design and construction recommendations for repairable columns.  Chapter 7 provides a 

summary and conclusions of the experimental and analytical investigations for the project.  
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CHAPTER 2. LITERATURE REVIEW 

 

 

 

 

2.1 Introduction 

Novel columns may improve the bridge seismic performance and lower its damage thus minimizing the 

repair need after an earthquake.  The enhanced performance of a novel columns can be achieved using 

advanced materials and/or new detailing.  Advanced materials for reinforced concrete bridges can 

improve column ductility, concrete confinement, and reduce cover spalling while novel column detailing 

can minimize residual displacements and may further add to the displacement capacity.  This chapter 

presents a review of past studies on advanced materials and novel bridge columns. 

 

2.2 Advanced Materials 

Advanced materials can be utilized in the design of concrete bridge columns to improve performance, to 

reduce damage, and/or to increase concrete confinement.  Advanced materials included in this review are 

ultra-high performance concrete (UHPC), engineered cementitious composite (ECC), fiber reinforced 

polymer (FRP), and shape memory alloy (SMA).   

 

2.2.1 Study by Cruz Noguez and Saiidi (2012) 

Cruz Noguez and Saiidi (2012) tested a 25%-scale, four span bridge constructed with advanced materials 

under shake table.  A two-column bent was built with nickel-titanium (NiTi) SMA as longitudinal bars 

and ECC in the plastic hinge region (Fig. 2.1a).  The second two-column bent was constructed with 

conventional concrete and a rocking mechanism.  The third bent incorporated an elastomeric pad in the 

plastic hinge.  In these columns the longitudinal bars were extended through the rubber pad, which was 

shimmed to prevent buckling.  A steel pipe was included in the pad to take shear forces.  Concrete blocks 

and lead pallets totaling 180 kips were placed on the post-tensioned bridge deck to provide an axial load 

and the bridge was subjected to increasing amplitudes of the 1994 Northridge earthquake record in the 

longitudinal direction. 
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a) Column Detailing 

 
b) Column Damage 

Figure 2.1. Column Detailing and Damage (Noguez and Saiidi, 2012) 

 

Results of the testing indicated that all three bridge bents had high displacement capacities and negligible 

residual displacements.  The bent incorporating the elastomeric pads reached the highest displacement, 

and a minimal damage was reported in the plastic hinge region of either the elastomeric pad bent or the 

bent incorporating SMA bars and ECC (Fig. 2.1b).  All three columns exhibited high levels of damage in 

the hinge region at the column-cap beam interface, indicating the need to use the same design and 

materials at both the top and bottom of the columns.  The post-tensioned bent without the rubber pad had 

low residual displacement due to its self-centering capability but the conventional concrete of this column 

exhibited a significant damage including hoop fracture.  Overall, the test results showed that the 

incorporation of the advanced materials in two out of the three bents improved the bridge performance by 

allowing for the bridge to remain in service after the design level earthquake.  

 

2.2.2 Study by Finnsson (2013) 

Finnsson (2013) studied the use of hybrid fiber-reinforced concrete (HyFRC) shells to aid in the seismic 

capacity of unbonded pre-tensioned bridge columns.  Two specimens were constructed and tested under 

cyclic loading with a 200-kip (890-kN) horizontal actuator and a constant axial load of 159 kips (707 kN).  

The columns were constructed with precast HyFRC shells within the plastic hinge region which were then 

filled with conventional concrete and pretensioned using eight steel strands (Fig. 2.2).  The strands were 
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unbonded over the center 50% of the column length using plastic sleeves and prestressed to 

approximately 14.4 kips (64 kN).  Columns were connected to the footings using grouted socket 

connections.  In one column, stainless steel (SS) bars were used as longitudinal reinforcement in lieu of 

conventional steel bars.  

 

 
Figure 2.2. Column Detailing by Finnsson (2013) 

 

The results of cyclic testing indicated that HyFRC in the plastic hinge region delayed both spalling and 

bar buckling when compared with columns with similar detailing but without HyFRC tested by Davis et 

al (2012).  Both columns were more ductile than the reference columns with limited strength degradation 

and damage at higher drifts (Fig. 2.3).  No residual displacement was recorded in the columns up to a drift 

ratio of 5% at which the prestressing strands yielded, and bond slip began was significant.  The column 

constructed with stainless steel longitudinal bars slightly dissipated more energy than the conventional 

steel column and bar fracture was delayed.   
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Figure 2.3. Column Performance by Finnsson (2013) 

 

2.2.3 Study by Motaref et al. (2014) 

Motaref (2014) studied the use of different advanced materials in the plastic hinge region of segmental 

bridge columns.  Five one-third scale columns were constructed, each with a base segment attached to the 

footing with normal bars to provide a higher energy dissipation capacity.  A conventional concrete 

column was used as reference while other columns included a rubber elastomeric bearing pad, ECC, and a 

carbon fiber reinforced polymer (CFRP) wrap.  The reference column was repaired with a CFRP wrap 

after the first test and resubjected to the same loading.  All the columns were post-tensioned to create a 

recentering effect and to provide continuity between the column segments, and were then subjected to an 

increasing amplitudes of the Sylmar earthquake record (Fig. 2.4a) on shake tables at the University of 

Nevada, Reno.  

 

  

a) Sylmar Station Time History b) Column Damage 
Figure 2.4. Earthquake Time History and Column Damage by Motaref et al. (2014) 

 

It was found that residual drifts were minimal in all columns due to the unbonded post-tensioning system.  

All columns incorporating advanced materials outperformed the reference column in terms of damage 

(Fig. 2.4b), energy dissipation, and displacement capacity.  The primary form of damage was cover 

spalling which was reduced in the ECC column when compared to the others.  Use of CFRP jacketing 

significantly improved confinement in the plastic hinge area and the rubber bearing increased the natural 

period of the column while reducing damage.  Overall, all three types of advanced materials significantly 

improved the seismic performance of the columns.  
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2.2.4 Study by Nakashoji and Saiidi (2014) 

Nakashoji and Saiidi (2014) tested three, 30%-scale square bridge columns in which one was a reference 

cast-in-place (CIP) column and two were novel columns.  The novel columns incorporated SMA bars in 

the plastic hinge region coupled to the main longitudinal steel bars (Fig. 2.5a) using headed couplers, and 

ECC was used on the entire column length.  The columns were tested under an increasing cyclic lateral 

loading using a 220-kip (979-kN) actuator and 140 kips (623 kN) axial load were applied.  ECC was 

removed after testing to determine if any damage occurred to the couplers or SMA bars.  

 

 

a) SMA Bar (middle) Coupled to Conventional Steel Bars (at Ends) 

 
b) ForceïDisplacement Relationship 

Figure 2.5. SMA Coupled Rebar and Force-Displacement Relationship (Nakashoji and Saiidi, 2014) 

 

Flexural cracks were observed and comparable for all three columns up to a drift ratio of 2%.  Spalling of 

the CIP column occurred from 4% drift onward while use of ECC in the two novel columns significantly 

reduced cover damage.  A large crack at the base of each ECC column was seen, which was repairable.  

The CIP column and one of the novel columns experienced bar fracture at 8% drift; however, testing of 
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the novel column continued since there was minimal drop in the lateral strength.  ECC seemed to increase 

the column confinement (by minimal cover spalling) as there was limited bar buckling in the two ECC 

columns compared with CIP.  No damage was observed to the headed couplers and they proved to be a 

viable option to reduce costs by only using SMA bars in a small portion of the column.  Overall, the two 

novel columns exhibited a higher drift capacity (Fig. 2.5b), lower residual drift, and lower damage than 

the CIP column due to the incorporation of ECC and SMA bars.  

 

2.2.5 Study by Panagiotou et al. (2015) 

Panagiotou (2014) tested two bridge columns constructed with highly flowable hybrid fiber reinforced 

concrete (HYFRC) and novel longitudinal reinforcement.  The reinforcing bars of the first column were 

unbonded with tape near the bottom of the column and within the top of the footing to allow the column 

to rock.  The second column was constructed with stainless steel longitudinal bars and an additional 

portion of HYFRC cast into the footing beneath the column to provide continuity of concrete properties 

(Fig. 2.6a).  The specimens were tested unidirectionally under a cyclic lateral load reversal and a constant 

vertical axial load of 100 kips (445 kN).  

 

  
a) Column Detailing b) Column Damage 

Figure 2.6. Column Detailing and Damage (Pangiotou et al., 2014) 

 

The two HYFRC columns were compared with a conventional reference column constructed by Terzic 

and Stojadinovic (2010) with an identical detailing except a larger transverse reinforcement ratio was 

used.  Both specimens exhibited a reduced spalling (Fig. 2.6b) when compared to the reference column 

with an increase in the lateral strength.  Stainless steel longitudinal rebar in the second column did not 

rupture until a drift ratio of 9.5% while bar fracture was reported in the first column at a drift ratio of 6%.  

 

2.2.6 Study by Ibrahim et al. (2016) 

Ibrahim (2016) considered the combination of steel and FRP reinforcement for square concrete bridge 

columns.  Two conventional reference columns, one with a lower longitudinal reinforcement ratio and an 

added basalt FRP (BFRP) jacket, were constructed as well as five FRP steel-reinforced concrete (FSRC) 

columns.  The FSRC columns were constructed with differing combinations and detailing of steel and 

BFRP bars (Fig. 2.7), some with additional roughening to increase bond strength with the concrete, as 
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well as BFRP jackets.  The columns were subject to a constant axial load of 9 kips (40 kN) and a reversed 

cyclic loading sequence using a 157-kip (700-kN) actuator.  

 

 

a) Smoothed and Roughened BFRP Bars 

 
b) Column Cross Sections 

Figure 2.7. BFRP Bars and Column Cross Sections (Ibrahim et al., 2016) 

 

Analysis of test data indicated that FRP reinforcement and jacketing had no noticeable effect on the initial 

stiffness of the columns; however, the residual displacement decreased by up to 30%.  Columns with 

roughened BFRP reinforcement failed through rupture of the bars at high strength while smooth BFRP 

reinforced columns failed at a smaller force and ductility due to local bond-slip failure.  Overall, FRP 

jacketing added a significant confinement to the columns while the use of BFRP reinforcing bars needs to 

be further studied.  
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2.2.7 Study by Zhang et al. (2019) 

Zhang et al. (2019) tested three bridge columns with polypropylene fiber reinforced ECC (PP-ECC) 

jackets with different thicknesses in the plastic hinge region.  The PP-ECC was limited to the cover 

concrete due to the high cost of ECC as well as evidence indicating that ECC in the core has a lower 

effect on the column ductility than the cover.  Two of the 1/5th-scale columns incorporated precast PP-

ECC jackets with thicknesses of 50 mm and 100 mm up to a height of 1.33 times the width of the square 

cross section while a third column was cast with a full PP-ECC plastic hinge.  PP-ECC was additionally 

extended 100 mm into the footing while conventional concrete was utilized for the remaining portion of 

the columns and footings.  All columns were tested under a constant axial load of 20 kN and in flexure 

using a cyclic loading in the horizontal direction.  

 

 

 
a) Column Test Envelopes b) Column Damage 

Figure 2.8. Column Test Envelopes and Damage (Zhang et al., 2019) 

 

The displacement capacity was increased in the novel columns when compared with the reference column 

(Fig. 2.8a) while the initial stiffness was reduced as the thickness of the PP-ECC jackets was increased.  

Spalling within the plastic hinge region of the three PP-ECC columns was significantly reduced when 

compared to a reference cast-in-place column (Fig. 2.8b).  Cracking was limited to the PP-ECC region 

while some expansion of the PP-ECC jackets was noted due to crushing of the conventional concrete used 

in the core.  Altogether, the differing thickness of the PP-ECC jackets had little effects on the 

displacement or ultimate strength of the columns while the volume of PP-ECC used could be decreased 

up to 44% to lower construction costs.  

 

2.2.8 Study by Alian Amiri (2020) 

Alian Amiri (2020) tested bridge columns using high strength MMFX steel bars.  Six columns were 

tested.  The first three columns constructed using conventional Grade 60 (413-MPa) steel bars with 

differing transverse reinforcement ratios and some bar debonding at the column-footing interface.  Other 

three columns utilized grade 100 (690-MPa) Chrome 9100 bars from MMFX conforming to ASTM 

A1035 with identical detailing to each of the respective first three columns.  The columns were shake 
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table tested under both short- and long-term duration records from the 2011 Tohoku Japan earthquake and 

the 1999 Kocaeli Turkey earthquake with a constant axial load of 80 kips (356 kN).  

 

 
Figure 2.9. Column envelopes by Alian Amiri (2020) 

 

Damage between the two sets of columns was similar and was confined to the plastic hinge regions of 

each specimen.  Higher shear stresses were recorded in the columns with MMFX steel as well as higher 

number of inclined shear cracks.  The conventional steel columns failed by bar buckling followed by bar 

rupture while the MMFX columns had a greater buckling resistance and failed by bar fracture.  While 

smaller tie spacing and debonding of bars at the column-footing interface increased displacement capacity 

in the conventional columns, there was no apparent effect of using high strength steel.  The columns with 

MMFX steel rebar had a higher yield displacement and similar force capacity to the conventional 

columns (Fig. 2.9), but they showed a lower displacement capacity than reference columns.  All columns 

failed under 100% of the ground motion.  The study recommends more testing with MMFX bars before 

field applications in seismic regions.    
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2.3 Novel Bridge Columns 

Novel column detailing may also be utilized to reduce damage and residual displacement in the event of 

an earthquake.  The following studies incorporated advanced detailing in their design and/or used 

advanced materials to improve column seismic performance. 

 

2.3.1 Study by ElGawady and Shaôlan (2011) 

ElGawady and Shaôlan (2011) investigated the seismic behavior of self-centering bridge bents constructed 

with precast concrete-filled fiber tubes (CFFT).  Five, two-column bents were constructed and tested 

under cyclic loading including a reference CIP bent and four precast post-tensioned (PPT) bents of CFFT 

segments stacked and connected with a post-tensioning force of 33.9 kips (151 kN).  The PPT-CFFT 

columns were constructed using varying numbers of segments, steel angles at the base as external energy 

dissipaters, and/or neoprene pads at the column-footing and column-cap beam interface as shown in Fig. 

2.10.  

 
Figure 2.10. Column Models by ElGawady and Shaôlan (2011) 

 

All four of the PPT-CFFT columns showed higher drift capacities and significantly lower residual drifts 

than the reference column due to the restoring force from the rocking mechanism.  Damage was 

concentrated within the tubes and between the column and footing as rocking occurred at higher drift 

ratios.  Including neoprene pads at the column joints greatly reduced the initial stiffness and force 

capacity while increasing the displacement capacity.  Differing numbers of CFFT segments had a little 

effect on either the force or displacement capacities.  The incorporation of steel angles as external energy 

dissipaters increased the viscous damping of the specimens but also resulted in higher residual strains.  

 

2.3.2 Study by Guo et al. (2016) 

Guo et al. (2016) tested the combination of aluminum external energy dissipaters and glass fiber-

reinforced polymer (GFRP) jackets on self-centering precast concrete (SCPC) bridge piers.  One 

reinforced concrete (RC) reference column and three 1/3-scale precast specimens were tested under a 

cyclic loading up to 4% drift ratio with an axial load of 27 kips (120 kN).  Two of the precast columns 

incorporated GFRP jackets of different lengths in the plastic hinge area while the third was not 

constructed with a jacket (Fig. 2.11a).  All three columns were post-tensioned to 22.5 (100 kN) using two 

basalt fiber-reinforced polymer (BFRP) tendons and utilized external energy dissipaters (Fig. 2.11b) in 

the form of ñdog-bonedò (reduced diameter) aluminum bars restrained against buckling inside confining 

tubes filled with epoxy.  Aluminum bars with modified properties were used to prevent corrosion as the 
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energy dissipaters were incorporated outside of the column to allow for replacement after a seismic event.  

The columns were initially tested without the energy dissipaters and with differing post-tensioning forces.  

 

 

a) Column Test Matrix 

 
b) External Energy Dissipater Detailing 

Figure 2.11. Column Matrix and Detailing (Guo et al., 2016) 

 

Evaluation of the hysteretic results indicated that addition of the energy dissipaters changed the shape of 

the plots from bilinear to flag while the initial stiffness was also increased.  A small amount of slip was 

recorded between the columns and the footing which added to the horizontal displacement.  The use of 

shorter external energy dissipaters increased plastic strains in the aluminum bars and caused them to 

rupture at earlier drifts.  The use of GFRP jacketing eliminated cracking and spalling of concrete when 

compared to the column without GFRP while the jacketing also added to the energy dissipation of the 

specimens.  The higher post-tensioning force was also found to increase the initial stiffness and lower the 

residual drift when compared to the reference column.  Overall, the SCPC piers showed desirable self-

centering and energy dissipation characteristics and may be suitable for moderate to large earthquakes.  

 

2.3.3 Study by Ichikawa et al. (2016) 

Ichikawa et al. (2016) tested three columns under orbital bilateral cyclic loading to investigate the use of 

post-tensioning combined with UHPC in the plastic hinge region.  The first two square specimens were 

identical and constructed with UHPC jackets in the plastic hinge region filled with conventional concrete 
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while the third column was similar in detailing except that the UHPC jackets were constructed in sections, 

left hollow rather than filled with concrete, and post-tensioned together (Fig. 2.12a).  A constant axial 

load of 19.4 (86.1 kN) was applied and two of the columns were loaded in a circular orbit at increasing 

drift ratios while the second of the two non-tensioned columns was loaded in a hybrid test setup to 

simulate the acceleration record of the 1995 Kobe, Japan earthquake.  

 

 

a) Column Detailing 

 
b) Column Damage 

Figure 2.12. Column Detailing and Damage (Ichikawa et al., 2016) 

 

Twisting was observed in the two columns tested with the circular orbit (Fig. 2.12b).  However, limited 

spalling or concrete crushing was observed in either specimen.  Rocking was observed between the 

segments of the post-tensioned column as well as greater levels of torsion, which resulted in residual 

twisting between segments.  The post-tensioning bar in the segmental column yielded at a drift ratio of 

3.5% at which point there was a significant loss in tension force.  Less damage was observed in the 

segmental column as well as lower levels of energy dissipation.  The column tested under the Kobe 

earthquake acceleration record reached higher drift ratios due to the non-circular testing cycles, and the 

failure occurred in the form of crushing of UHPC in the plastic hinge region.  
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2.3.4 Study by White and Palermo (2016) 

White and Palermo (2016) utilized different precast connections in three half-scale concrete bridge 

columns.  The column-to-footing connections included an emulative socket connection, a non-emulative 

socket connection incorporating post-tensioning, and a non-emulative coupled connection utilizing energy 

dissipators in the form of grade 300 steel bars in the plastic hinge region covered with grout (Fig. 2.13a).  

The two non-emulative columns were designed to rock at the base.  The non-emulative socket column 

was a previously tested specimen that had been repaired using FRP wrap while the coupled column was 

designed to be repaired by removing the grout and replacing the energy dissipators which were connected 

to the column and footing using threaded couplers.  The columns were tested under a quasi-static bilateral 

loading (Fig. 2.13b) to a displacement at which the non-emulative coupled column was repaired.  

 

 

a) Connection Detailing 

 
b) Biaxial Loading Protocol 

Figure 2.13. Connection Detailing and Biaxial Loading Protocol (White and Palermo, 2016) 

 

Significant damage occurred in the emulative socket connection column while the damage was 

significantly reduced in the two non-emulative connection columns.  All spalling in the coupled column 

occurred in the grouted region and a higher energy was dissipated in the two socket connection columns.  

The emulative socket connection column had comparable performance to that of a conventional cast-in-

place column.  Residual drift was limited in the two non-emulative columns due to the rocking 

mechanism.  Residual drifts were slightly higher than expected in the coupled column due to an 
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unintentional bonding between the column and footing.  Further, a premature failure of the energy 

dissipators in the repaired column was observed due to a design error as well as difficulties with 

realigning the replacement energy dissipators.  

 

2.3.5 Study by Tazarv and Saiidi (2016) 

Tazarv and Saiidi (2016) tested three half-scale column models using low damage materials and precast 

connections.  All three columns were precast with hollow cores which were then filled with self-

consolidating concrete (SCC) after column erection.  The first column was connected to the footing by 

extending the column longitudinal rebar into a series of corrugated ducts which were then filled with 

UHPC.  The second column incorporated debonded longitudinal rebar with an unbonded length of 11 in. 

(280 mm) within a pedestal.  The column was connected to the pedestal using grouted couplers.  The 

connection details for the third column were the same as the first column with UHPC filled ducts.  

Nevertheless, SMA bars were used in the plastic hinge region and connected to the steel longitudinal bars 

with headed couplers.  Furthermore, ECC was used to construct the lower 3 ft (914 mm) of the column 

shell.  A 220-kip (979-kN) actuator was used to test the columns under a slow reversed cyclic loading 

with an axial load index of 10%.  

 

 
Figure 2.14. Column Test Envelopes (Tazarv and Saiidi, 2016) 

 

Bar fracture was the failure mode for all three columns with no column-to-footing connection damage.  

No bar pullout was observed in any of the couplers or UHPC filled ducts while it was found that UHPC 

had up to 8 times the bond strength of conventional concrete.  The first two columns incorporating 

conventional steel longitudinal bar, which failed at slightly lower drift ratios than the reference CIP 

column (Fig. 2.14), while the third column with SMA and ECC had a higher displacement capacity than 

the reference column, and substantially lower residual displacements.  Overall, it was determined that 

these precast column connections were viable alternatives to conventional construction methods and the 

incorporation of advanced materials such as ECC, UHPC, and SMA bars significantly enhanced the 

seismic performance of the columns.   

 



17 

2.3.6 Study by Wang et al. (2018) 

Wang et al. (2018) tested the self-centering capability of three, 1/3-scale precast segmental post-tensioned 

bridge columns constructed with UHPC.  The square columns were constructed using three hollow UHPC 

segments in addition to a cap beam and footing.  Eight steel cables were post-tensioned to a force of 89.9 

kips (400 kN) while eight mild steel bars unbonded near the footing were added in UHPC grout filled 

ducts to promote energy dissipation in addition to the 32 longitudinal steel bars (Fig. 2.15).  The second 

column incorporated an increased post-tensioning force while the third column was constructed with 

additional energy dissipators.  Lateral cyclic loading was applied using a horizontal actuator in addition to 

a 224.8-kip (1000-kN) applied axial load.  

 
Figure 2.15. Segmental Column Detailing (Wang et al., 2018) 

 

All three columns reached a drift ratio of at least 8% before fracture of their energy dissipators.  No 

flexural or shear cracks were observed in UHPC of any of the columns; however, spalling was seen 

between the segments at higher drift ratios due to non-uniformity in the concrete surfaces.  Slight sliding 

and uplift were recorded at the lowest joint, but this movement was reduced in the column with the 

increased post-tensioning force.  Increasing the post-tensioning forces increased the overall ductility of 

the columns while additional energy dissipators decreased the ductility and significantly increased 

residual drifts.  

 

2.3.7 Study by Mashal and Palermo (2019) 

Mashal and Palermo (2019) tested a half-scale bridge column specimen with dissipative controlled 

rocking (DCR) connection utilizing post-tensioning and external energy dissipators.  External metallic 

mini-dissipators of two different types were mounted to the column using steel brackets (Fig. 2.16).  An 

initial post-tensioning force of 28.1 kips (125 kN) was applied to the threaded post-tensioning bars within 

the column using hydraulic jacks.  A vertical 87.7-kip (390-kN) gravity load was applied with a vertical 

ram while a horizontal ram was used to displace the column laterally under a unidirectional quasi-static 

cyclic loading protocol.  
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Figure 2.16. Column with External Energy Dissipaters (Mashal and Palermo, 2019) 

 

A gap was immediately noticed at the rocking interface at a drift ratio of 0.25%.  No damage or strength 

degradation were observed up to a drift ratio of 3.0% at which point the test was stopped.  There was 

significantly less damage in the DCR connection bridge bent than a comparison bent utilizing grouted 

socket and grouted duct connections.  Residual displacement was also negligible in the DCR bent.  

 

2.3.8 Study by Varela and Saiidi (2019) 

Varela and Saiidi (2019) performed a shake table study on a ¼-scale, 2-span bridge model designed for 

disassembly.  Novel materials and advanced precast connections were utilized to allow for quick 

construction as well as sustainable disassembly at the end of the bridge life without need for conventional 

demolition.  Three, two-column bridge bents were constructed.  One utilizing Copper-Aluminum-

Manganese (CAM) SMA bars and ECC plastic hinges (EPH), one with Nickel-Titanium (NiTi) SMA bars 

and rubber plastic hinges (RPH), and another with NiTi SMA bars with EPH (Fig. 2.17a).  The 

superstructure consisted of an RC deck and beams which were connected to the bents using pipe-pin 

connections to eliminate moments and allow for disassembly.  The columns were wrapped in CFRP 

tubing while the SMA bars were connected to the main longitudinal reinforcement using threaded 

couplers.  An axial load between 40 and 46 kips (177.9 and 204.6 kN) was applied to each column using 

RC blocks and the self-weight of the deck while the bridge was subject to increasing scaled amplitudes of 
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the Rinaldi earthquake record in the transverse direction.  After initial testing, the bridge was 

disassembled, inspected, and reassembled for additional testing. 

 

 

a) Column Detailing 

 
b) Column Damage 

Figure 2.17. Column Detailing and Damage (Varela and Saiidi 2019) 
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Minimal damage was observed in the plastic hinges of the three bents (Fig. 2.17b) at drift ratios 

exceeding 6%.  The column adjoining members remained elastic and damage free.  Residual drifts 

remained under 0.4% and overall bent hysteretic behaviors were flag shaped due to the self-centering 

capability of the SMA bars.  Rocking occurred at the footings and the segments of the columns which 

elongated the period of the bridge model and increased the displacement capacity.  Disassembly and 

reconstruction of the bridge bents were successful in which the initial stiffness increased, and residual 

drifts decreased in the second set of testing. SMA bars fractured in two of the three bents during the last 

two runs.  Overall, detailing for disassembly of bridge columns in seismic areas was proved feasible but 

further testing and development of design guidelines was necessary before implementation in the field.  

 

2.3.9 Study by Han et al. (2019) 

Han et al. (2019) investigated the combination of replaceable external energy dissipators and unbonded 

post-tensioning tendons.  Three, 1/3-scale double column bridge bents were designed, constructed, and 

tested under a cyclic lateral loading.  An axial load of 194.8 kips (866.4 kN) was applied.  The bents 

incorporated reduced cross sections in the plastic hinge region which were encased with steel tubing as 

well as steel pipes as shear pin connections and steel plates at the column-footing and column-cap beam 

interfaces (Fig. 2.18a).  The first column did not include external energy dissipators while the second and 

third columns included external ñdog-bonedò mild reinforcing bars and external buckling-restrained 

plates in the plastic hinge region respectively which were connected to the main longitudinal 

reinforcement.  Each column in the bents was post-tensioned using four unbonded steel tendons with a 

total force of 94.4 kips (420 kN).  

  
a) Column Detailing b) External Bars 

Figure 2.18. Column Detailing and Energy Dissipater Damage (Han et al., 2019) 

 

Openings were recorded for all three bridge bents due to rocking at the column-footing connections; 

however, they were closed after each cycle due to the self-centering tendency of the columns.  Only 

minor flexural cracks were seen in the specimens.  The columns with external energy dissipators failed 

due to bar buckling (Fig. 2.18b) and plate rupture, respectively.  The mild steel bars were not restrained 

against buckling and thus the third column had a better energy dissipation and self-centering capability 

than the second column while the first bent showed the lowest energy dissipation.  All three bents had low 

residual drifts less than 1%, and the columns with external energy dissipators showed a higher lateral 

force capacity.  It was also noted that an increase in post-tensioning force increases the lateral strength of 

the bents as well as the self-centering capacity.  

 



21 

2.3.10 Study by Jia et al. (2020) 

Jia et al. (2019) studied the use of elastomeric pads as energy dissipaters in precast bridge columns.  Four, 

1/4-scaled bridge columns were constructed including a cast-in-place (CIP) column, a typical precast 

column with a grouted duct connection, and two precast columns using grouted duct connections and 

laminated and single-layer elastomeric pads, respectively (Fig. 2.19a).  An additional steel pipe was 

included in the laminated elastomeric pad column to resist shear forces.  For the three precast columns, 

longitudinal reinforcement was extended into corrugated metal ducts in the footing and filled with grout.  

The columns were tested under a quasi-static cyclic load with a constant axial load of 80.9 kips (360 kN).  

 

 

a) Column Detailing 

 
b) Column Damage 

Figure 2.19. Column Damage and Cross Sections (Jia et al., 2016) 

 

The use of elastomeric pads in the plastic hinge region significantly reduced concrete cover cracking and 

spalling (Fig. 2.19b).  The pads also increased the energy dissipation through yielding of the unbonded 

portion of the rebars rather than concrete crushing as in the other two columns.  Torsional deformation 

was noted in the rubber bearings which may have caused an uneven loading of the reinforcing bars, but 

no permanent damage was observed in the rubber.  While the single-layer pad column exhibited better 

initial energy dissipation than laminated pad column, the pad dilated due to the alternating compressive 

forces.  This column also had a lower initial stiffness and failed earlier due to a shorter debonding length 

of the bars.  Meanwhile, the laminated pad column exhibited fewer and shorter cover cracks and had a 

smaller initial stiffness when compared to other columns.  The grouted duct column without an 

elastomeric pad also proved to be a reliable alternative to the CIP column as it had similar seismic 

performance. 
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2.3.11 Study by Tazarv et al. (2020) 

Tazarv et al. (2020) experimentally tested four, half-scale precast beam-column specimens under cyclic 

loading.  The special moment resisting frame (SMRF) connections were designed using ñstrong column ï 

weak beamò methodology to achieve a large displacement capacity.  Exposed buckling restrained 

reinforcement (BRR) fuses were used as external energy dissipaters while a steel pipe and cup were 

incorporated to act as a shear pin at the beam-column interface (Fig. 2.20a).  BRR fuses were connected 

to the main longitudinal reinforcement of the beam using headed mechanical bar splices for quick 

replacement.  The column axial load was 68 kips (302 kN).  Both unreduced and reduced diameter (dog-

bone) steel bars were used in BRR.  Each BRR was replaced with a similar conventional steel or SMA 

fuses after initial testing of each specimen.  

 

 
 

a) Repairable Precast Join Detailing b) Test Results 
Figure 2.20. Repairable Precast Beam-Column Joint detailing and Test Results (Tazarv et al., 2020) 

 

It was determined that all four precast specimens achieved higher displacement capacities than the 

reference cast in place (CIP) connection (Fig. 2.20b) with only slightly lower recorded lateral load 

resistances due to reduced geometry in the beam neck.  In the first beam with minimal longitudinal bars, 

the damage within the plastic hinge region was significant but purely cosmetic.  However, in the second 

beam with a higher steel reinforcement, the damage was insignificant and limited to the replaceable BRR.  

Force displacement behavior remained relatively unchanged before and after beam repair while residual 

displacement was reduced, with SMA BRR providing the lowest residual displacements.  CIP showed 

3.6% drift capacity while the precast specimen with SMA BRR, the only specimen that was pushed to 

failure, exhibited more than 6% drift capacity.  Overall, it was concluded that a precast building 

incorporating the proposed connection detailing will have significantly higher displacement capacities 

than conventional CIP buildings, without the need for costly building replacement.  The damage will be 

minimal and limited to the exposed BRR, which can be easily replaced after an event.  

 

2.3.12 Study by Pantelides and Thapa (2021) 

Pantelides and Thapa (2021) explored the use of post-tensioning and external energy dissipators in a 

42%-scaled precast two-column bridge bent.  Steel chairs were utilized to hold external energy dissipators 

in the form of eight threaded bolts acting as stretch length anchors (SLA) between the column and footing 

and column and cap beam (Fig. 2.21a).  Use of the steel chairs ensures that the SLAs act only in tension.  

Unbonded No. 8 (25-mm) threaded bars were passed through PVC within the column cross section and 
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post-tensioned to provide a recentering force.  A 240-kip (1068-kN) actuator was used to apply a lateral 

cyclic quasi-static load to the bent while a 136-kip (605-kN) axial load was applied vertically. 

 

  
a) External Energy Dissipator b) Force-Displacement Hysteresis 

Figure 2.21. External Energy Dissipator and Force-Displacement Hysteresis (Pantelides and Thapa, 2021)  

 

The bridge bent was tested up to a lateral drift ratio of 6% at which point the post-tensioning bars within 

the columns yielded (Fig. 2.21b).  Yielding of the SLAs occurred at 1.1% drift followed by the 

longitudinal bar yielding and concrete spalling at 2.0% drift.  Limited concrete damage occurred due to 

the rocking of the columns.  The SLAs were easily removed after testing, proving that repair is possible.  

An average residual drift of 1.05% between the positive and negative directions was observed due to the 

rocking.  Overall, no significant damage was observed during testing and the combination of post-

tensioning and SLAs was proven to provide adequate energy dissipation and recentering capabilities.  

 

2.4 Novel Column Design Recommendations 

A few national documents exist on the design and construction of precast and/or novel bridge columns.  

National Cooperative Highway Research Program (NCHRP) report 935 (Saiidi et al., 2020) proposed 

seismic specifications for accelerated bridge construction (ABC) of bents.  The report focuses on 

pocket/socket, grouted duct, and mechanical bar coupler connections.  Pocket/socket connections are 

developed by inserting either exposed longitudinal rebar or a fully precast column into a pocket in the 

footing or cap beam and filling it with grout.  Grouted duct connections similarly connect bridge 

components by grouting exposed rebar into corrugated metal ducts that have been cast into the adjoining 

member.  In a mechanically spliced bridge column, the column bars are connected to the column 

adjoining member bars using a type of bar coupler.  NCHRP report 864 on the seismic evaluation of 

bridge columns with energy dissipating mechanisms (Saiidi et al., 2017) evaluates the use of new 

materials and techniques to improve seismic performance of reinforced concrete bridge columns.  SMA 

bars, ECC, FRP, UHPC, rubber pad, and rocking mechanisms were included.  Thirty-nine novel columns 

were developed including advanced materials and/or novel techniques.  New rating rubrics were 

developed to evaluate any novel bridge column.  Design and construction guidelines were developed for 

three of the 39 columns: SMA-reinforced ECC column, SMA-reinforced FRP-confined column, and 

FRP-confined hybrid rocking column.   

 














































































































































































































































































































































































































































































































































































































