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INTRODUCTION 
California is expecting to experience several moderate size earthquakes per decade.  These 
earthquakes can cause disruptions to the road network and result in important economic losses as a 
result of the impact.  Despite this fact, the Office of Structures Maintenance and Investigation at 
Caltrans does not have a standard procedure or a training program for the assessment of damage and 
the determination of the remaining load capacity of earthquake damage reinforced concrete (RC) 
bridge elements. 

In order to develop a standard procedure and training program, Caltrans has supported a research 
program that has developed a number of tools:  a “Visual Catalog of RC Bridge Damage”, a 
“Capacity Assessment Training Manual”, and a “Post Earthquake Inspection Manual for Reinforced 
Concrete Bridge Columns”. In addition to these manuals, an online computer based training class 
has been developed to easily communicate this information to Caltrans Maintenance and Inspection 
Engineers as well as to all other interested parties. 

The “Visual Catalog of RC Bridge Damage” documents damage from laboratory experiments and 
from historic earthquakes and classifies the performance of an array of bridge components, sub
assemblages, and systems in a consistent format.  The intention is that this document will be used by 
inspection and maintenance engineers as a reference to confirm the type and level of damage 
observed after an earthquake. It can also be used as a teaching tool to train engineering in 
identifying the type and level of damage to bridge components. 

ORGANIZATION 
The Caltrans Visual Bridge Catalog of Bridge Damage has been divided into five parts.   

Part I is a catalog of laboratory test photos that are arranged by bridge component.  The behavior of 
each laboratory experiment is documented with photos from various damage levels as well as a 
hysteresis curve of the response. 

Part II is a catalog of photos from historical earthquakes dating from the 1971 San Fernando 
earthquake to the 2004 Mid Niigata Prefecture earthquake in Japan. For ease of referencing, the 
photos in this section have been arranged by earthquake as well as by type of damage.   

Part III compares damage observed in laboratory experiments to damage from historical 
earthquakes.  The intent of this section is to prove to the reader that what is observed in carefully 
controlled lab condition is in fact a realistic representation of in-situ behavior.   

Part IV characterizes the damage at performance level IV and V for various bridge components.  
This section provides more detail than shown in Part I. 

Part V defines performance curves for various bridge components.  The performance is classified 
into one of three categories: ductile, strength degrading, or brittle.  The damage level at various 
stages along the curve is indicated to clearly illustrate proximity to component failure.  
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DAMAGE LEVELS 
This catalog utilizes a five stage damage classification system.  Damage level I indicates no damage 
while damage level V indicates local failure or component collapse.  See the table below for further 
descriptions. 

Level Damage 
Classification 

Damage 
Description 

Repair 
Description 

Socio-Economic 
Description 

I None Barely visible 
cracking No Repair Fully Operational 

II Minor Cracking Possible Repair Operational 

III Moderate Open cracks; 
onset of spalling Minimum Repair Life Safety 

IV Major Very wide cracks; 
extended spalling Repair Near Collapse 

V Local 
Failure/Collapse 

Visible permanent 
deformation Replacement Collapse 

SEISMIC DESIGN PROVISIONS 
Seismic design provisions have evolved significantly over the decades in order to fill deficiencies 
that became apparent after significant seismic events.  Or particular importance are the 1906 San 
Francisco Earthquake, the 1971 San Fernando Earthquake, and the 1989 Loma Prieta Earthquake.  In 
order to accurately assess the remaining strength in a bridge structure after a seismic event, it is 
imperative to understand the typical vulnerabilities of the design era.  These vulnerabilities can be 
identified by their physical characteristics and design details. 

Pre 1971 Design 
In 1940, California developed the first seismic design provision for bridge in the country.  This early 
seismic design code was simplistic and recognized that earthquakes produce forces that are 
proportional to the dead weight of the structure.  Until 1965 the maximum lateral seismic design 
force was only 6% of the structural dead weight.  In 1965, Caltrans incorporated the period of the 
structure into the design equations along with various amplification factors.  The maximum lateral 
seismic design force increased to 13% of the weight of the structure.  This was for very specific 
cases and was not typical of all bridge structures. 

Potential Vulnerabilities (non-retrofitted bridges) 
•	 Column shear failure 
•	 Column longitudinal reinforcement pull-out 
•	 Unseating of expansion hinges 

Typical Design Details 
•	 Column shear reinforcement Î #4 at 12” (typical, regardless of column size or size of 

column longitudinal bars) 
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•	 Very short seat widths at expansion joints (6-8” typ.) 
•	 Inadequate lap splice of column long bars near footing (~20 db) 
•	 Inadequate development of column long bars into footing (~20 db , without std. hooks) 
•	 Lap splicing of column transverse rebar in cover (i.e. no 135 deg seismic hooks into core 

concrete) 

1971 – 1994 Design 
The 1971 San Fernando earthquake completely change the way California bridges are designed.  
Bridge engineers recognized the importance of detailing and ductility in the response of bridge 
structures, and the concept of capacity design was slowly incorporated into the design code.  Bridges 
that were in the design phase when the earthquake occurred had their lateral design forces increased 
by a factor of 2 or 2.5 to about 0.3g, while future bridges had to account for fault proximity, site 
conditions, dynamic structural response and ductile details for RC construction.  These provisions 
were incorporated into the Caltrans code in 1974 and while it was updated regularly, it remained, for 
all practical purposes, unchanged when the 1994 Northridge earthquake occurred.  By 1980 the 
standard practice was to design for plastic shear of the columns.  That is, the design intent was to fail 
the column in flexure with all other portions of the bridge remaining elastic. 

The 1989 Loma Prieta earthquake prompted Caltrans to solicit the Applied Technology Council to 
review and revise the Caltrans design standards, performance criteria, specifications and practices.  
Work began in 1991, but their findings were not complete when the 1994 Northridge event occurred. 

Potential Vulnerabilities (non-retrofitted bridges) 
•	 Column shear failure of plastic hinge regions 
•	 Shear failure of flared columns 
•	 Unseating of expansion joint hinges 

Typical New Design Details 
•	 Closer spacing and improved column shear detailing  (typical spacing 4”-6”, but no 


confinement/anti-buckling requirement of plastic hinge region) 

•	 Top reinforcement matt in footing and pile caps (but no shear reinforcement) 
•	 Column longitudinal splices prohibited at maximum moment locations 
•	 Short seat widths at expansion joint hinges (~12”) 
•	 Poor flare detailing (no gap between top of flare and superstructure) 
•	 No joint reinforcement 

Potential Vulnerabilities (retrofitted bridges) 
•	 Failure of expansion joint hinge restrainers and subsequent unseating of expansion hinges, 

particularly for bridges with large skew (>30 deg) 

Typical Retrofit Design Details  
•	 Expansion joint hinge restrainers, short (connected to concrete bolster on either side of 

expansion joint) 

Post 1994 Design 
The Caltrans seismic design provisions of this era incorporated essentially all of the 
recommendations from the Applied Technology Council as stated in ATC-32.  The 
recommendations included a capacity design approach that will ensure a ductile flexural failure of 
the column while all other bridge components remain elastic.  In order to achieve this goal they 
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recommended minimizing the number of expansions joints, avoiding large skews, minimize the use 
of column flares, considerations for shear demands in footings, joint shear in cap/column and 
footing/column connections, anti-buckling reinforcement in column plastic hinges and increasing the 
seat width at expansion joint hinges. 

The 1994 Northridge earthquake validated the knowledge gained from recent research and from the 
Loma Prieta earthquake.  While significant damage occurred, it was primarily in not retrofitted pre 
1971 designs or bridges with the early hinge restrainer retrofits.  Bridges with steel jacket column 
retrofits performed particularly well. 

Typical New Design Details 
•	 Tight confinement reinforcement in plastic hinge regions (~4” spacing) 
•	 Long seats widths at expansion joints (~24”) 
•	 Improved flare column details (Gap between top of flare and superstructure) 
•	 No lap splices in plastic hinge zones 
•	 Shear reinforcement in footings 
•	 Cap/column and footing/column joint reinforcement 

Typical Retrofit Design Details  
•	 Steel or concrete column jackets 
•	 Expansion joint seat width extenders (8” XX-strong pipes) 
•	 Top mat reinforcement in footings and perhaps additional piles. 
•	 Expansion joint hinge restrainers, long (connected from bolster at one side of hinge to the 

superstructure web on the other side of the hinge) 

DISCUSSION OF BRIDGE COMPONENT BEHAVIOR 

Column Flexural Behavior 
The flexural response of columns is influenced by a number of factors, including the axial load ratio, 
aspect ratio, and reinforcement ratio.  The most important factor of all, however, is the design details 
that vary based on the era in which the column was designed. 

Pre ’71 Designs 
Columns designed to pre 1971 standards typically cannot obtain their full flexural capacity since 
column shear failure will occur prior to development of column yield moments.  However, if the 
column yield moment is reached the strength will degrade quickly as the transverse reinforcement of 
the plastic hinge region is deficient.  Fracture of the transverse reinforcement is likely as is buckling 
of the column longitudinal reinforcement. 

A common practice for this design period was to lap splices the longitudinal column reinforcement 
at the critical moment location just above the footing.  Another common practice was to embed the 
column longitudinal bars into the footing or bent cap without 90 degree hooks that ensure proper bar 
development.  In both cases the lap splice or embedment depth was less than 20 bar diameters.  This 
is insufficient to develop the yield strength of the reinforcement.  Columns designed in this fashion 
will not obtain the yield moment of the section and can be very brittle and lead to structural collapse.  
See the ‘Lap Splice’ section for more information.   
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’71-‘94 Designs 
Columns designed between 1971 and 1994 typically do not adequately consider the cyclic 
degradation of concrete shear strength within the plastic hinge.  Consequently they develop the yield 
moment of the section but degrade after repeated cycles due to shear failure in the hinge.  Fracture of 
the transverse reinforcement is likely as is buckling of the column longitudinal reinforcement. 

Post ‘94 Designs 
Columns designed after 1994 are characterized by heavy confinement of the plastic hinge region 
with transverse reinforcement spaced at less than 6 longitudinal bar diameters.  This type of design is 
very ductile. The confinement ensures that the column longitudinal bars do not buckle and that 
shear failure of the column and plastic hinge does not occur. 

Column Shear Behavior 
The shear strength of reinforced concrete sections comes from four essentially independent 
mechanisms: 1) shear friction in the compression zone, 2) dowel action of the longitudinal 
reinforcement, 3) aggregate interlock, and 4) transverse reinforcement truss mechanism.  Dowel 
action contributes minimally to the overall strength of the section and is unreliable, thus it is 
typically ignored. The relative contribution of the remaining three mechanisms, to the overall 
column behavior, is highly dependant on the era in which the bridge was designed. 

Pre ’71 Designs 
A typical pre 1971 column design has very little transverse reinforcement, typically #4’s at 12 inches 
regardless of column size.  Thus the column must rely predominantly on shear friction and aggregate 
interlock. Problems arise as the concrete cracks because the aggregate interlock component of shear 
strength reduces quickly with increasing crack width.  The lack of transverse reinforcement produces 
a very brittle column shear behavior, which loses all strength shortly after the column cracks appear. 

’71-‘94 Designs 
Columns design during this era follow the capacity design approach and typically provide sufficient 
column reinforcement to develop the yield strength of the column.  However, concrete shear strength 
cyclic degradation and longitudinal column bar buckling was not completely appreciated at this time.  
Thus it is not uncommon for shear failure to occur within the plastic hinge.   

Post ‘94 Designs 
Post 1994 column shear designs are characterized by closely spaced transverse reinforcement and 
heavy confinement of plastic hinge regions.  These designs will typically force a ductile flexural 
failure of the column, but if this does not occur, ductile shear failure is likely.  The shear demand is 
transferred primarily by the transverse reinforcement in the form of a truss mechanism.  Failure will 
occur due to yielding and subsequent fracture of the transverse reinforcement after significant 
cracking. 

Column Lap Splice Behavior 
A common practice for pre 1971 designs was to lap splices the longitudinal column reinforcement at 
the critical moment location just above the footing.  These lap splice are typically less than 20 bar 
diameters long and are insufficient to develop the yield strength of the reinforcement.  Columns 
designed in this fashion will not obtain the yield moment of the section and can be very brittle and 
may lead to structural collapse.  Seismic response of lap splice connections can be improved with 
sufficient clamping pressure from transverse reinforcement. 
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Hollow Column 
Hollow columns are used on large, long span bridges to improve the efficiency of the piers by 
removing unnecessary material at the center of the very large columns. 

Circular column must have inner and outer circumferential hoops as well as radial ties to prevent 
implosion.  The radial ties must go around the longitudinal and circumferential bars to be effective.  
Rectangular sections are not as susceptible to implosion because they have a wider effective 
compression zone. 

Flared Columns 
Flared columns are used to engage more of the superstructure and to improve aesthetics.  Prior to the 
’94 Northridge earthquake, column flares were assumed, incorrectly, to be non-structural.  Shear 
failure of pre ’94 designed flared columns is possible since the column was designed for the shear 
doe to yielding of the column, but not the shear do to yielding of the column and flare. 

Post 1994 designs consider the strength of the flare or they provide a gap between the flare and the 
superstructure to ensure that the flare is purely architectural and does not add any strength to the 
column. 

Lightweight Columns 
Earthquake induced demands are proportional to the weight of the bridge structure.  It stands to 
reason that reducing the weight of the bridge will reduce the seismic demands and consequently the 
size of structural members may be reduces as well.  Thus using lightweight concrete may reduce the 
cost of the bridge. 

The shear strength of lightweight concrete is typically 75% that of normal weight concrete.  To 
account for this reduced concrete contribution to the total shear strength of a column, additional 
transverse reinforcement may be necessary.  If designed properly, lightweight concrete columns can 
exhibit a desirable ductile flexural response.   

Connections/Joints 
The 1989 Loma Prieta earthquake showed the deficiencies in column-cap and column-footing 
connections. This is particularly so for outrigger bents.  Seismic design provisions did not provide 
sufficient guidance until 1994.  Prior to 1994, it was common practice to provide no shear 
reinforcement in the connections.  This will prohibit transfer of the column yield moment.  Failure 
can be brittle and lead to collapse of the structure. 

Superstructure 
Bridge superstructures have generally performed quite well during an earthquake.  Problems have 
arisen primarily at expansion joints where damage to bearings or local concrete spalling due to 
impact of adjacent spans may occur.  This type of damage is not catastrophic and is reparable.  
Major problems have arisen due to inadequate seat length at expansion joints.  Large relative 
displacements between adjacent spans at expansion joints have, on occasion, exceeded the capacity 
of the seat length, causing the supported span to collapse.  This is particularly a problem in early (pre 
1971) bridge designs and for bridges with large skews, for which torsional deformations add to the 
lateral displacement demands.   
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Foundations 
Bridge foundations have generally performed well in earthquakes.  Foundation damage that has 
occurred has been after column damage and is minor compared to the column damage.  Early (pre 
1971) bridge foundations are typically very small and have only a bottom matt of reinforcement and 
no shear reinforcement.  Thus they cannot carry a negative moment induced by soil overburden or 
tension piles and flexure or shear failure of the footing or column-footing connection is possible. 

Soil liquefaction or lateral spreading due to seismic motions is possible at some bridge locations.  
Vertical settlement or lateral movement of bridge foundations may occur causing foundation, 
column and potentially superstructure damage.  Total structural collapse is not common unless the 
movement is large enough to unseat the superstructure at an expansion joint. 

Abutments/Shear Keys 
Abutment seismic design philosophy has generally been focused around the protection of piles 
below the abutment.  Thus various elements of the abutment are designed to be sacrificial in order to 
limit the demands on the piles.  Failure of shear keys due to transverse motion and punching shear 
failure of the back wall is likely.  Neither failure will cause total structural collapse, and is typically 
repairable. 

Liquefaction, lateral spreading or poor soil compaction at the abutment has caused vertical 
settlement or lateral movement in a number of earthquakes.  Unless this movement is large enough 
to unseat the superstructure, total structural collapse is not common 
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Details of Extreme Performance 
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Flexural Level V 


Buckling of longitudinal reinforcement 

Fracture of longitudinal bars and stirrups Fracture of longitudinal bars 

Permanent deformation 
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Shear Level V
 

diagonal crack (plastic hinge region-base) Diagonal crack- midheight 

Diagonal crack - midheight 
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Lap Splice 


Level III -Crack at midheight Level V - BOND SLIP – space of bars 
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Retrofit Level IV
 

Gap between column pedestal Dilation of jacket 

Extensive spalling – plastic hinge region 

315
 



  

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Retrofit Level V
 

Buckling of long bars  

Sliding of column Permanent deformation 
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Joints Level V 


Shear crack-tee joint Shear crack-knees joint 
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Foundations Level V 


Shear cracks Pile cap rotation 

Shear crack-retrofit foundation Shear splitting 
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Shear Keys Level V 


Diagonal Shear crack 
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Foundation Performance Curves 
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Abutment Performance Curves 
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