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Abstract 

Precast segmental construction of bridges can accelerate construction and minimize the 

cost of bridges in highly congested urban environments and environmentally sensitive 

regions. Despite their proven benefits, the use of precast segmental bridges in seismic 

regions of the United States remains very limited.  A main obstacle to their use is the 

concern about the seismic response of segment joints.  Recent research has shown that 

segment joints can undergo very large rotations that open up gaps in the superstructure, 

without significant loss of strength.  While the ultimate performance of segment joints 

was investigated, the expected response during a significant seismic event remains 

uncertain. Using models of precast segmental bridges, similar to the Otay River Bridge 

and the San Francisco-Oakland Bay Bridge Skyway as case studies, this report will 

investigate the response of segment joints using detailed non-linear time-history analyses.  

A suite of ten near field earthquake records were used to determine the median joint 

response as well as to quantify the effect of vertical motion on the joint response.   
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1. Introduction 

Precast segmental construction methods can ease construction costs by reducing 

construction time while maintaining quality. In addition, the absence of falsework can 

minimize traffic congestion and environmental impact, adding to the benefits of this 

construction method.  While the popularity of precast segmental construction has 

increased throughout the United States, and the world, its use in seismic regions of the 

country has been hampered by a lack of research on the seismic response.  The California 

Department of Transportation supported a research program to address this concern.  This 

report summarizes recent research that builds upon the previous experimental phases and 

investigates the response of two full scale segmental bridges using detailed finite element 

analyses. 

1.1. Summary of Previous Research 

The research presented in this report builds upon previous research at the University of 

California, San Diego. To help explain the motivation for the current research it is 

important to summarize the findings of the previous phases of the research program. 

1.1.1. Phase I – High Moment and Low Shear Experiments 

Four 2/3 scale test units were tested under vertical loading to failure to investigate the 

performance of precast segments in superstructure regions of high moment and low shear 

(Megally et al., 2002). The test set-up is shown in Figure 1-1.  The test units investigated 

different post tensioning layouts as shown in Figure 1-2.  In addition, one test unit was 

constructed with a cast-in-place deck closure and 100% internal tendons.  All test units 

achieved large rotations prior to failure.  The failure modes varied from rupture of the 
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post-tensioning (PT), to crushing of the extreme concrete fibers to buckling of the deck 

rebar and subsequent compression failure of the cast-in-place deck. 

Figure 1-1  Phase I Experimental Test Set-Up (Megally et al., 2002) 

Figure 1-2  Phase I Test Unit Cross Section (Megally et al., 2002) 
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1.1.2. Phase II – High Moment and High Shear Experiments 

This phase of the research program utilized similar test units as in Phase I, but with 

different PT details and test set-up (Megally et al., 2002).  The test units and test set-up 

are shown in Figure 1-3 and Figure 1-4, respectively.  The results of this phase were 

similar to the previous phase in that all test units achieved large rotations prior to failure. 

In addition, no relative shear slip between segments was observed prior to flexural 

failure. All test units experienced crushing of the bottom soffit under negative bending. 

The final failure, however, varied from crushing of the top flange to rupture of the PT 

tendons. 

Figure 1-3  Phase II Test Set-Up (Megally et al., 2002) 
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Figure 1-4 Phase II Test Unit Cross Section (Megally et al., 2002) 

1.1.3. Phase III – System Test 

This phase of the research program investigated the performance of a half-scale 

superstructure-pier system (Burnell et al., 2005). The test set-up and superstructure cross 

section are shown in Figure 1-5 and Figure 1-6, respectively. The testing program for 

this phase was split into two stages. The first stage achieved a column displacement 

ductility of 4 and utilized 100% of the design post-tensioning as well as 100% of the 

superstructure dead load. The results from this stage indicated that there was no 

significant opening of the segment-to-segment joints. A hairline crack was observed at a 

displacement ductility of 4, but this was adjacent to the cast-in-place closure pour, so the 

crack was likely initiated by shrinkage. The second stage of testing continued from 

displacement ductility 4 up to ductility 8 and utilized 175% of the superstructure dead 

load to account for vertical accelerations and approximately 75% of the longitudinal 

superstructure PT. The results from this stage indicated that segment-to-segment joints 

open during testing, but they closed when the earthquake demands were removed. 
4
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Figure 1-5 Phase III Experimental Test Set-Up (Burnell et al., 2005) 

 

Figure 1-6 Phase III Test Unit Superstructure Cross Section (Burnell et al., 2005) 

1.2. Issues Addressed in this Report 

The previous three phases of this research program achieved their objectives and 

determined the crack patterns, failure modes and behavior of precast segmental bridge 

superstructure joints.  However a number of issues remain and are outlined below.  This 

report addresses these issues using detailed 2D non-linear time history analyses. 
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1.2.1. Contribution of Vertical Motions 

Phase III - Stage 2 testing showed that precast segment joints open if the dead load of the 

superstructure was increased by 75% and the superstructure post tensioning was reduced 

by 25%, indicating that vertical motion contributed to joint opening.  But this 

contribution was not decoupled from the effect of reducing the longitudinal PT.  So the 

question remains, how much do vertical earthquake motions contribute to joint opening? 

Also, if joints open, what is the possibility of yielding the tendons and developing 

residual inter-segment cracks of significant width? 

1.2.2. Joint opening 

The Phase III – Stage 2 experiment indicated that segment joints will likely open when 

vertical motion is considered and when the longitudinal post tensioning is reduced.  But 

what about when the PT is not reduced?  Do the joints still open? If so, how much? 

What is the expected crack width? 

1.2.3. Residual cracks and yielding of longitudinal post-tensioning 

The Phase III experiment indicated that current design procedures, based on capacity 

design principles, prevent residual joint opening and protect the longitudinal post 

tensioning tendons from yielding when vertical earthquake motion was not considered. 

Does this remain true when vertical earthquake motions are considered?  If not, how 

large of a residual crack width can be expected and how much of the post tensioning 

force has been lost? 
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1.3. Report Outline 

Chapter 1 discussed the motivation for this report and summarizes previous phases of the 

research program.  Chapter 2 discusses the validation of the joint model and summarizes 

the results of various sensitivity studies that were used to fully understand and optimize 

the joint model.  The earthquake records used for the time history analyses are described 

in Chapter 3. Chapter 4 documents the full bridge models and discusses the 

discretization and results of all the various analyses for both the 300 foot and the 525 foot 

span models.  The limitations of the models are outlined in Chapter 5.  Chapters 6, 7 and 

8 discuss conclusions, design recommendations and future research, respectively. 

Additional model results and a description of the Ruaumoko (Carr, 2004) finite element 

analysis program are included in the Appendix. 
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2. Joint Model Validation 

In order to ensure that the analytical model accurately represents the physical world, the 

joint model must be validated with physical experiments.  Two detailed finite element 

models of test unit 100-INT from the Phase I experiment were created using the computer 

software Ruaumoko (Carr, 2004).  Ruaumoko was selected because of its extensive 

library of non-linear hysteresis and damping rules.  A detailed description of the program 

is given in Appendix B. These models were developed to capture numerous physical 

characteristics of the segment-to-segment joints.  These characteristics include: crushing 

of extreme concrete fibers, yielding of PT tendons at the true limit of proportionality, and 

energy dissipation due to bond slip of the grouted internal tendons.   

2.1. Single Joint Model 

The first model, shown in Figure 2-1, captured the moment rotation response of a single 

segment-to-segment joint.  To concentrate deformations at the midspan joint, the 

rotations of the girder nodes were slaved to the rotation at the supports.  The joint was 

modeled with six axial only elements at the top and bottom flanges and three axial only 

elements at the web.  Each element captured concrete crushing and tensile cracking using 

an origin centered hysteresis rule to capture the loss of stiffness after cracking and 

crushing (see Figure 2-2a).  The PT across the joint is modeled with three separate 

elements.  One element captured the early onset of yielding at the true limit of 

proportionality of ASTM A416 (270 ksi) steel of 210 ksi.  A second element captured the 

response of PT between the limit of proportionality and the idealized yield stress as well 

as the post yield response of PT strands (see Figure 2-2b).  The third element captured the 
8
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bond slip behavior of PT across the joint. When a joint opens and the PT strands stretch, 

they lose their bond with the grout and energy is dissipated between the strands and the 

grout, via friction. The unbonded length of the PT was obtained by a trial and error 

process to match the experimental data. This is described in detail in Section 2.3.1. 

Rigid elements between the superstructure girder elements and the PT are used to ensure 

accurate PT deformations. At the joint locations, however, rigid elements are not used. 

Rather, the vertical deformations of the PT nodes are slaved to the girders. This will 

allow for tendon slip caused by strain penetration into the segments. 
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Figure 2-1 Single Joint Model 
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Figure 2-2 Joint Concrete and Combined PT Hysteresis Model 

Results from the single joint model are shown in Figure 2-3.  The backbone curve, yield 

displacement and energy dissipation match very accurately the experimental results for 

both small and large rotations.  Differences between the model and the experiment are 

such that the residual rotations in the model are larger that observed in the tests.  

Therefore the residual rotations obtained from the analyses will be accurate if not slightly 

over-predicted. 
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Figure 2-3 Moment-Rotation Diagrams of Single Joint Model 
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2.2. Multiple Joint Model 

The second validation model, shown in Figure 2-4, captures the response at the system 

level including deformations with the precast segments and joint opening. This model 

allows the superstructure girders to crack and captures shear deformations of the girders 

using a concentrated flexibility approach. That is, all the shear deformations are 

concentrated in two non-linear element located at segment-to-segment joints 2 and 4. 

Note that shear deformations are not expected to be significant in a full size bridge 

superstructure, because the shear span of a full size bridge is much larger. These 

elements were added to the model to capture effects observed in the experiment. The 

properties of the non-linear shear springs were estimated using the modified compression 

field theory. 

near 

Cracking of Girders

Lumped Non-Linear 
Girder Shear 
Deformations 

Cracking of Girders 

Joint 2 Joint 3 Joint 4 

Figure 2-4 Multiple Joint Model 

Results from the multi-joint model are shown in Figure 2-5 and Figure 2-6. Figure 2-5a 

shows the Moment-Rotation of the midspan joint for small rotations (less than 0.005 
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radians). This plot suggests that the computer model slightly under predicts the joint 

rotation. This, however, is not the case because the target displacement for the 1 inch 

cycle was not reached, as can be seen in Figure 2-5b. 

Figure 2-6a shows the Moment-Rotation diagram for large rotations (greater than 0.0075 

radians), while Figure 2-6b shows the Girder Shear-Midspan Deflection diagram.  These 

diagrams indicate that the model overestimates the midspan joint rotations while 

matching the midspan vertical deformations.  This suggests that the finite element model 

will provide conservative joint rotation estimates and is considered acceptable. 

12
 



JJJJooooinininint 3t 3t 3t 3 - M- M- M- Moooomemememennnntttt vvvvssss.... RRRRooootatatatatitititioooonnnn 
3333000000000000 

2222500500500500
MMMM

oooommmm
eeeennnn

tttt (
k(k(k(k
-f-f-f-ftttt

)))) 2222000000000000
 

1111500500500500
 

1111000000000000
 ExExExExppppeeeerrrriiiimmmmeeeennnntttt 
RUARUARUARUAUUUUMMMMOOOOKKKKOOOOModelModel

505050500000 

0000 
0000 0000....000000001111 0.0.0.0.000000002222 0000....000000003333 0.0.0.0.000000004444 

RRRRoooottttaaaatitititioooonnnn (r(r(r(raaaadddd)))) 
 

a)  Midspan Moment-Rotations 

TTTTTToooooottttttaaaaaallllll LLLLLLooooooadadadadadad vs.vs.vs.vs.vs.vs. MMMMMMiiiiiiddddddssssssppppppaaaaaannnnnn DDDDDDiiiiiispspspspspspllllllaceaceaceaceaceacemmmmmmeeeeeennnnnntttttt 
500500500500500500
 

400400400400400400
 

300300300300300300
 

1.01.01.01.0”””” ccccyyyycccclllleeee 

TTTTTToooooo
ttttttaaaaaa

l Ll Ll Ll Ll Ll L
ooooooaaaaaa

dddddd 
((((((kkkkkk

ipipipipipip
))))))

1.0”1.0”1.0”1.0”1.0”1.0” ccccccyyyyyycccccclllllleeeeee
200200200200200200 

100100100100100100 

EEEEEExxxxxxperperperperperperiiiiiimmmmmmentententententent 
000000 

RRRRRRUUUUUUAUAUAUAUAUAUMMMMMMOOOOOOKOKOKOKOKOKOMoMoModddeeelll

------100100100100100100 

------200200200200200200 
------111111.5.5.5.5.5.5 ------111111 ------000000.5.5.5.5.5.5 000000 000000.5.5.5.5.5.5 111111 111111.5.5.5.5.5.5 222222 

VVVVVVeeeeeerrrrrrtttttticicicicicicaaaaaallllll DDDDDDiiiiiisssssspppppplalalalalalacccccceeeeeememememememennnnnntttttt ((((((iiiiiinnnnnn)))))) 

 
b)  Girder Shear-Midspan Deflection 

Figure 2-5 Small Deformation Results from the Multiple Joint Model 
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b)  Girder Shear-Midspan Deflection 

Figure 2-6 Large Deformation Results from the Multiple Joint Model 

 
 14 



 

 

 

 

 

 

 

 

 

2.3. Sensitivity Studies 

Three separate parameter studies were performed to investigate the influence of various 

variables and to optimize performance of the segment joint model.  The parameters 

studied include the number of concrete springs across the segment-to-segment joints, the 

unbonded length of the grouted PT tendons, and the amount and type of damping. 

2.3.1. Unbonded Length of the PT 

The unbonded length of the PT tendons was determined using a trial and error approach 

to match the results from the Phase I experiments.  The unbonded length was increased in 

5 inch increments from 10 inches up to 45 inches, and the moment rotation response of 

the joint was compared to the experimental results.  Figure 2-7 to Figure 2-9 show the 

comparisons of the 10 inch, 25 inch, and 40 inch unbonded lengths to test unit 100-INT 

of the Phase I experiment.  An unbonded length of 25 inches matches the experiment 

best. The PT tendons yield at the same rotation and the energy dissipation is comparable. 

The 10 inch unbonded length is too stiff after joint opening and significantly under 

predicts the rotation at which the tendon yields.  Conversely, the 40 inch unbonded length 

is too soft upon joint opening and significantly over predicts the rotation at which the 

tendon yields. 
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b)  Large Rotations 

Figure 2-7 Moment - Rotation Diagrams with 10" Unbonded Length 
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b)  Large Rotations 

Figure 2-8 Moment - Rotation Diagrams with 25" Unbonded Length 
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b)  Large Rotations 

Figure 2-9 Moment - Rotation Diagrams with 40" Unbonded Length 
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2.3.2. Number of Joint Springs 

The initial number of concrete springs across the segment-to-segment joints was selected, 

somewhat arbitrarily, to be fifteen (six in both the top and bottom flanges and three in the 

web). The intention was to capture the energy dissipation and loss of stiffness due to 

crushing of the extreme concrete fibers.  Using fifteen concrete springs across each joint 

will result in a very large stiffness matrix in a full bridge model.  This may increase the 

likelihood of convergence problems and will require significant computational effort.  If 

the number of concrete springs can be reduced without compromising the accuracy of the 

results, much time and effort will be saved. 

With the goal of optimizing the number of concrete springs across the segment-to-

segment joints, several models were developed with flange springs ranging from one to 

six and web springs ranging from one to three.  Comments about each model are shown 

in Table 1. 

Table 1 - Joint Spring Parameter Study Summary 

Total Joint 
Springs 

Flange 
Springs 

Web 
Springs Comments 

15 6 3 Reference model. 

14 6 2 No visible change in response. 

13 6 1 No visible change in response. 

11 5 1 Essentially no change. 

9 4 1 Essentially no change. Stable if only 2 flange 
springs crush. 

7 3 1 Essentially no change.  Stable if only 1 flange 
spring crushes. 

5 2 1 Slightly understimates the yield moment. 
Numerical problems at large rotations. 

3 1 1 Understimates the yield moment.  No concrete 
crushing 
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The seven spring model (three flange springs and 1 web spring) produced the best results 

as can be seen in Figure 2-10. The joint response is nearly identical to the fifteen spring 

model (six flange springs and 3 web springs), with a slight deviation at the onset of joint 

opening. The yield rotation and energy dissipation are identical.  Further reducing the 

number of flange springs increases the likelihood of numerical instability and 

inaccuracies in the moment due to difficulties in modeling the centroid of the 

compression toe. 

It should be noted that for tall girders, multiple web springs are required in order to 

accurately model the bending stiffness of the girder across the joints.  By using only axial 

springs across the joint, the moment of inertia is calculated solely with the parallel axis 

theorem.  For very large webs, the moment of inertia of the web itself (i.e. bd3/12) is 

significant.  Breaking the web up into smaller areas will reduce the error.  It is for this 

reason that multiple web springs were used in the full bridge models. 
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b)  Large Rotations 

Figure 2-10 Moment - Rotation Diagram - Comparison of 15 and 7 Joint Springs 
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2.3.3. Damping 

The type and amount of damping play a significant role in the accuracy of jointed 

models. To investigate and understand the effects of damping on the model, we have run 

a number of analyses with different types and amount of damping.  The damping types 

selected are constant modal damping, Rayleigh damping based on the initial stiffness of 

the structure, and Rayleigh damping based on the tangent stiffness of the structure as 

formulated in the computer program Ruaumoko (Carr, 2004).  Damping levels were 

varied from 0.1% up to 10%.   

The Rinaldi record from the 1994 Northridge earthquake was used as the excitation in the 

damping sensitivity study.  The single joint model was used to ensure that observations 

are due solely to the modeling of the joint and not due to other modeling effects.  Mass 

was added to the model at midspan to obtain a realistic primary vertical period of 0.4 

seconds (see Figure 2-11). The record was reduced down to a PGA of 0.7g and then 

further reduced by a factor of 1/8 to account for scaling effects as this is a model of a half 

scale experiment.  This reduction in the excitation produced reasonable joint rotations 

that ranged from 0.005 radians (i.e. the yield rotation) with 10% damping up to 0.03 

radians with 0.1% damping.   

It is important to note that a time step of 0.001 seconds was used for all analyses.  A time 

step of 0.0001 seconds was also investigated, but this reduced time step had no effect on 

the results, yet increase the run time significantly.  
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Figure 2-11 Damping Sensitivity Study Model 

Results from the damping study are summarized on Figure 2-12. The tangent stiffness 

Rayleigh damping typically generated shear forces that are significantly higher than the 

other damping models. The initial stiffness Rayleigh and the Constant Modal damping 

models produced similar shear forces for damping values greater than 1%. 
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Figure 2-12 Influence of Amount of Damping on Peak Girder Shear Force 
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Figure 2-13 to Figure 2-15 compare the girder shear and midspan displacement time 

histories of the three damping models with damping values of 0.1%, 2%, and 10%, 

respectively.  Note that the initial stiffness Rayleigh and constant damping models are 

typically similar to each other, while the tangent stiffness Rayleigh can differ 

significantly. 

The initial Rayleigh damping model appears to be the most stable and will minimize 

computation effort in the full bridge analysis as it does not require a full damping matrix. 

For these reasons, the initial Rayleigh damping model with 1% damping was selected as 

the damping model of choice for all future analyses. 
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b)  Midspan Deflection 

Figure 2-14 Damping Model Time History Comparison (2% Damping Ratio) 
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Figure 2-15 Damping Model Time History Comparison (10% Damping Ratio) 
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3. Earthquake Excitations 

Ten near field records were selected as input into the full scale bridge models.  These 

records were considered to be representative of a significant seismic event in California. 

All records were within 25 kilometers of the fault rupture surface and many include 

significant near field effects (i.e. fling and forward directivity).  These records were also 

selected because they showed significant vertical response in addition to their large 

lateral response. Table 2 lists the earthquakes used and summarizes various parameters 

of each event.  

Table 2 - Summary of Earthquake Excitations 

Scaled to T=2 sec (N-S) 

Earthquake Station Abbr. Date Mw 

Closest 
Dist to 

Rupture 
Surface 

(km) 

Sa @ 
T=2.0 

sec 
Scale 

Factor 

PGA - 
horiz 

(g) 

PGV 
PGA - 
vert (g) 

Duration 
(sec) 

(cm/s 
ec) 

San Fernando Pacoima Dam PAC 2/9/1971 6.6 2.8 0.483 1.501 1.88 169 1.05 20.0 
Iran Tabas TAB 9/16/1978 7.4 3.0 0.534 1.358 1.15 165 0.94 35.0 
Irpinia, Italy Calitri CAL 11/23/1980 6.5 19.0 0.135 5.355 0.95 131 0.79 40.0 
N. Palm Springs Morongo Valley MOR 7/8/1986 6 10.1 0.243 2.984 0.66 108 1.18 20.0 
Superstition Hills Wildlife Liquef. WIL 11/24/1987 6.7 24.4 0.348 2.085 0.43 67.2 0.85 45.0 
Northridge Rinaldi RIN 1/17/1994 6.7 7.1 0.574 1.262 1.06 210 1.07 15.0 
Northridge Sylmar SYL 1/17/1994 6.7 6.4 0.619 1.171 1.00 152 0.63 40.0 
Kobe Takarazuka TAK 1/16/1995 6.9 1.2 0.477 1.519 1.07 130 0.65 25.0 
Chi Chi TCU068 TCU 9/20/1999 7.6 1.1 0.627 1.156 0.54 204 0.57 60.0 
Duzce Bolu BOL 11/12/1999 7.1 17.6 0.280 2.592 1.91 146 0.52 30.0 

The earthquake records were scaled to match a Moment Magnitude 8, Soil Type D, 0.7g 

PGA design spectrum at a period of 2.0 seconds.  The period of 2.0 seconds was selected 

because it is the primary longitudinal mode for both the 300 foot span and the 525 foot 

span bridge structures. Figure 3-1 shows the longitudinal and vertical acceleration 

response spectra for the scaled suite of earthquakes.  Note that the median longitudinal 

spectra, matches the design spectra fairly well.  Figure 3-2 shows the displacement 

response spectra for the scaled suite of earthquakes. 
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Figure 3-1 Scaled Acceleration Response Spectrum 
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Figure 3-2 Scaled Displacement Response Spectrum 
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4. Full Bridge Models 

Two full scale bridge models were developed.  One with span lengths of 300 feet and the 

other with spans lengths of 525 feet. These spans were selected because they are 

considered to be within the range where precast segmental construction methods are the 

most economically competitive in California.  Spans less than 250 feet will likely be 

under bid by conventional cast-in-place methods while spans greater than 525 feet will 

likely be competing with cable stayed bridges.   

4.1. 300 Foot Span Prototype Bridge 

The 300 foot span model is based on the Otay River Bridge, currently under construction 

in San Diego County. The Otay River Bridge is 0.6 miles long and consists of four 

longitudinal frames and eleven tapered piers.  Figure 4-1 shows the bridge under 

construction. Figure 4-2 and Figure 4-3 show an elevation and a section of the full 

bridge, respectively.  The bridge has two parallel precast segmental superstructures that 

are joined at the top flange with a cast-in-place closure.  The superstructure segments are 

36 feet wide and vary in depth from 10 feet at midspan to 16 feet at the piers.  Thus the 

span-to-depth ratio varies from 19 to 30. 
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Figure 4-1 Otay River Bridge under Construction 

Figure 4-2 Otay River Bridge Elevation 

Figure 4-3 Typical Section of Otay River Bridge 

4.2. 300 Foot Span Model Discretization 

An analytical model of a five span frame was developed as shown in Figure 4-4. The 

interior spans are 297 feet and the exterior spans are 176 feet. Since only vertical and 
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longitudinal motions were considered, the model was limited to 2D and only one of the 

two parallel precast superstructures was considered.  Approximately 40% (11 of 29 joints 

per span) of all superstructure segment joints were modeled.  Piers 2 and 3 of the Otay 

River Bridge were chosen for the model and used to create a symmetric structure as if the 

frame were spanning a deep ravine.   

4.2.1. Boundary Conditions 

The beginning and end of the frame were modeled as abutments.  Vertically they have a 

roller support and longitudinally they have a non-linear spring to capture the response of 

the soil behind the abutment, see Figure 4-5a.  The abutment soil spring properties were 

calculated based on the Caltrans Seismic Design Criteria (Caltrans, 2004) using an initial 

stiffness of 20 kips per inch and an ultimate force of 5 ksf.  The compression only 

abutment springs are not engaged until the 9.8 inch thermal expansion gap is closed.   

The base of the piers were modeled as fully fixed with no consideration for soil structure 

interaction. 

4.2.2. Piers 

The top and bottom of the piers were modeled with non-linear 2-component Giberson 

beam hinging elements as shown in Figure 4-5b.  These elements did not capture axial-

moment coupling, thus the yielding moments were increased by 25% above the dead load 

moment capacity to account for the fact that vertical earthquake motion will increase the 

dead load on the piers which will in turn increase the moment capacity of the piers.  A 

25% increase is based on a preliminary run of the model using 100% of the Rinaldi 

record of the 1994 Northridge earthquake. 
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Figure 4-5 300 Foot Span - Abutment and Pier Hystereses Behavior 

4.2.3. Superstructure Joints 

The superstructure was modeled with six segment joints at each pier and five segment 

joints at midspan as shown in Figure 4-6 and Figure 4-7.  These joints were modeled in a 

similar manner as the validation models except that they utilized both top and bottom 

tendons.  Non-linear shear deformations of the superstructure were neglected because the 

shear spans are very large.  Cracking of the segments between joints was also neglected 

to simplify the model.  This may slightly over estimate the rotation of the segment joints 

as all flexural cracking will be concentrated at the segment joints.  This is considered to 

be conservative and acceptable. 
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Figure 4-6 300 Foot Span Model Adjacent to Piers 
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Figure 4-7 300 Foot Span Model Near Midspan 

4.2.4. Superstructure Tendons 

The post tensioning tendons were preloaded in the model according to the jacking forces 

shown on the Otay River Bridge design drawings. The model inherently accounts for 

elastic shortening losses, but not for losses due to friction or anchorage seating. In order 

to address this issue, the PT losses due to friction and anchorage seating was estimated 

for all tendons. A sample tendon stress diagram is shown in Figure 4-8. Figure 4-9 
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summarizes the tendon losses based on their length. The losses for all tendons crossing a 

joint were averaged and the pretension load reduced accordingly. For example Joint 1 

(i.e., closest to the pier) has all 14 cantilever tendons crossing the joint. The average loss 

in the PT member in the model is thus the average loss of all 14 tendons and is 17.8 ksi. 

This approach was used for all joints in the model. The losses range from 16 ksi to 21 ksi 

depending on the joint. It is important to note that time dependant losses (i.e. creep, 

shrinkage, and relaxation) were not considered in the analyses presented herein. 
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Figure 4-8 300 Foot Span - Anchorage and Friction Losses of a Typical Tendon 
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Figure 4-9 300 Foot Span - Summary of Tendon Losses 
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4.3. 300 Foot Span Model Results 

4.3.1. Dead Load Joint Stresses 

The state of stress in the segment joints prior to a seismic event will likely affect the 

response of the joint. The stress profile of the segment joints at Pier 3 and Span 3 are 

shown in Figure 4-10. These profiles included dead load, PT loads, and losses due to 

elastic shortening, friction and anchorage seating. Construction staging effects on the 

stress profile of the segment joints are beyond the scope of this project and was not 

incorporated in the model. The stress profiles shown are typical of all segment joints in 

the model and are considered reasonable. The stress profiles exhibit nearly uniform 

compression from top to bottom, thus allowing for maximum bending capacity. The 

peak stresses are well below the AASHTO limit of 0.45 fc 
' (AASHTO, 1999). The 

average compression stresses across the joints are approximately 18% of fc 
' adjacent to 

the piers and 13% of fc 
' near midspan. 
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a) Near Midspan b) Adjacent to Pier 

Figure 4-10  300 Foot Span - Typical Dead Load Stress Profiles of Segment Joints 
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4.3.2. Mode Shapes 

The primary longitudinal mode has a period of 2.0 seconds and captures 86% of the mass
 

(see Figure 4-11). The dominant vertical modes, shown in Figure 4-12 and Figure 4-13, 


have periods of 0.5 and 0.3 seconds and capture 18% and 22% of the mass, respectively. 
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Figure 4-11 300 Foot Span - Primary Longitudinal Mode Shape 
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Figure 4-12  300 Foot Span - Primary Vertical Mode Shape – Mode 4 
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Figure 4-13  300 Foot Span - Primary Vertical Mode Shape – Mode 8 

4.3.3. Longitudinal Push Analysis 

A longitudinal pushover analysis was performed to understand the hinging sequence of 

the frame. The results of this analysis are shown in Figure 4-14. It is clear that the 

abutment soil spring is engaged prior to any column hinging, however the short piers and 

the abutment soil, yield at a similar displacement. The tall piers begin to yield when the 

short pier has reached a displacement ductility of about 2. Note that a 10 inch 

superstructure displacement corresponds to a short pier drift of 1%. 
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Figure 4-14 300 Foot Span - Longitudinal Push Results 

4.3.4. Vertical Cyclic Push Analysis 

A series of vertical reversed cyclic pushover analyses were performed in order to verify 

the moment-rotation behavior of the segment joints. Results from segment joint 1 (i.e., 

nearest the pier) and segment joint 15 (i.e., midspan) are shown in Figure 4-15. The 

response captures joint opening, concrete crushing and PT yielding for both positive and 

negative bending directions. 
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Figure 4-15 300 Foot Span - Typical Moment-Rotation Diagram from Cyclic Push Analysis 
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4.3.5. Earthquake Time History Analyses 

4.3.5.1. Contribution of Vertical Earthquake Motion 

In order to quantify the contribution of vertical motion on the joint response, the model 

was subjected to longitudinal motions only, as well as simultaneous longitudinal and 

vertical earthquake motions. Figure 4-17 and Figure 4-18 summarize the maximum (i.e. 

positive bending) joint rotations for all segment joints and all earthquake records. The 

horizontal axis of each chart shows the six different joint families. D1/U1 represents the 

first joint downstation or upstation of the pier, while D14/D14 is fourteen segment joints 

away from the pier and is adjacent to midspan, see Figure 4-16. Each vertical bar 

represents the peak rotation for a segment joint geometry due to a particular earthquake. 

The median earthquake response of each joint family is also shown. Figure 4-17 shows 

the results for only longitudinal earthquake motion, while Figure 4-18 shows the results 

for both longitudinal and vertical motion. It is clear that the vertical component 

significantly increases the joint response. By taking the median of the ratio of the 

segment joint median responses, we find that the median positive bending rotations have 

increased by 400%. From similar plots, shown in Appendix A, we find that negative 

bending rotations have increased by 90% and the residual rotations increased by only 9%. 

D1D1D1444 D3D3D3D13D13D13 D2D2D2 U3U3U3U2U2U2U1D1D1D1 U1U1 U1U1U1 U1U1U1333 444 

Pier SegmentMidspan Midspan 

Figure 4-16 300 Foot Span - Segment Joint Identification 
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Figure 4-17  300 Foot Span – Max. Segment Joint Rotations – Longitudinal Ground Motion Only 
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Figure 4-18  300 Foot Span – Max. Segment Joint Rotations – Long. and Vert. Input Ground Motion 

4.3.5.2. Longitudinal Response of Piers 

The longitudinal response of the piers is shown in Figure 4-19.  The vertical bars 

represent the longitudinal drift ratio for each earthquake record.  The median drift ratios 
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are indicated with horizontal lines and are 2.4% and 1.5% for the short and tall piers, 

respectively.  These drift levels are easily achieved using current design practices.  The 

median residual drifts are 0.14% and 0.08% for the short and tall piers respectively. 
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Figure 4-19 300 Foot Span - Pier Longitudinal Drift Response 

It is important to note that, based on the displacement response spectra, shown in Figure 

3-2, the median short pier drift of an elastic structure with a period of 2.0 seconds is 

approximately 2.8%.  Recall from the longitudinal push analysis that the abutments are 

engaged at a short pier drift of 1%, yet yields at a drift of 1.2%.  The fact that the model 

did not achieve the expected purely elastic drift limit, despite significant inelastic 

behavior of the piers, suggests that the abutment played a role in reducing the 

longitudinal drifts. 

4.3.5.3. Response of Superstructure Segment Joints 

The moment rotation response of selected segment joints is shown in Figure 4-20.  These 

diagrams do not necessarily represent the median response, rather they are closer to the 

84th percentile response. They were selected because they show non-linear response and 

document the dynamic behavior of the model. 
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Figure 4-20 300 Foot Span - Sample Moment-Rotation Response 

A summary of the segment joint response is shown in Figure 4-21.  The 16th, 50th 

(median), and 84th percentile response are shown on top of the cyclic push results to 

assist in visualizing the amount of non linear response. 
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Figure 4-21 300 Foot Span - Summary of Segment Joint Response shown on Cyclic Push Results 

The results indicate that the median response will open joints at the piers and midspan.  

The expected gap opening is about 0.1 inches.  The median response will yield the 

positive bending (ie. bottom) PT tendons at the piers, but no tendons will yield anywhere 

else.  Furthermore, there will be no residual joint openings for the median or 16th/84th 

percentile responses. 
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4.4. 525 Foot Span Prototype 

The 525 foot span model is based on the San Francisco-Oakland Bay Bridge (SFOBB) 

Skyway, currently under construction in northern California.  The SFOBB Skyway is 

1.25 miles long and consists of four longitudinal frames and fourteen piers.  Figure 4-22 

shows the bridge under construction. Figure 4-23 shows an elevation of a typical pier 

cantilever and Figure 4-24 shows a typical pier section.  The bridge consists of two 

parallel precast segmental superstructures that behave completely independent of each 

other. The superstructure segments are 87 feet wide and vary in depth from 18 feet at 

midspan to 30 feet at the piers.  Thus the span-to-depth ratio varies from 18 to 29. 

Figure 4-22  San Francisco Oakland Bay Bridge Skyway under Construction 
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   Figure 4-23 - San Francisco Oakland Bay Bridge - Typical Cantilever 
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Figure 4-24 - San Francisco Oakland Bay Bridge Skyway Pier Section 

4.5. 525 Foot Span Model Discretization 

The framework for the 525 foot span model is essentially the same as that of the 300’ 

span model.  Thus all modeling assumptions discussed in Section 4.2 apply to the 525 

foot span model as well. Only one frame, similar to Frame 2 of the prototype structure, 

was modeled as shown in Figure 4-25.  Internal spans extended 525 feet in length while 

external spans stretched 350 feet.  Pier heights varied from 80 feet to 110 feet. 

Approximately 60% (i.e., 11 of 19 joints per span) of all superstructure segment joints 

were modeled.   

The end spans of the frame were adjusted to emulate the global continuity of the bridge. 

The ends spans in the prototype frame have expansion joints at midspan for ease of 

construction. In addition, the prototype bridge utilizes large diameter pipe mbeams 

across the expansion hinges to develop moment and torsion continuity while at the same 

time allowing for thermal expansion.  Moment continuity in the superstructure will shift 
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the inflection point away from midspan. To accurately capture this shift in the 

Ruaumoko model, the end spans of the frame were stretched to 350 feet (0.67 times the 

typical span length).  Furthermore, this modeling adjustment will more accurately capture 

the vertical mode shapes of the frame. 

 

4.5.1. Boundary Conditions 

As in the 300 foot span model, the beginning and end of the frame were modeled as 

abutments.  The non-linear compression only longitudinal abutment springs, were 

engaged upon closing of the 19.7 inch thermal expansion gap. 

 

The prototype structure sits on deep pile foundations in very soft bay mud, thus a fixed 

base assumption is inappropriate.  Foundation soil springs were obtained through the 

contractor of the SFOBB skyway and incorporated into the model.  These soil springs 

were also used by the designers of the prototype bridge.  Coupling of the axial and 

bending springs was not considered in the model.  While this is not strictly correct, this 

approach was considered acceptable for the purposes of this investigation. 
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4.5.2. Piers 

As discussed in Section 4.2.2, the piers were allowed to develop plastic hinges top and 

bottom.  The moment capacity of the piers was increased by 13% to account for the axial 

load effect due to vertical earthquake motion. 

4.5.3. Superstructure Joints 

The superstructure was modeled with six segment joints adjacent to the piers and 5 

segment joints near midspan, shown in Figure 4-26 and Figure 4-27, respectively. To 

improve numerical stability and to ensure accurate representation of the moment of 

inertia across the segment joints (see Section 2.3.2), three additional web springs were 

added to the joint modeling of the tall pier segment joints. 
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Figure 4-26 525 Foot Span Model Adjacent to Piers 
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Figure 4-27 525 Foot Span Model Near Midspan  

4.5.4. Superstructure Tendons 

The prototype bridge utilizes various types of tendons (i.e., cantilever tendons, continuity 

tendons, top tendons, bottom tendons, ‘D’ tendons and ‘P’ tendons), each with different 

jacking stresses. These various tendons were lumped together in the model to generate 

three categories of PT; top tendons, bottom tendons and continuity tendons.  Depending 

on when each tendon was stressed during the construction process, the tendon forces 

varied greatly. We obtained the tendon losses from the contractor’s engineer.  In order to 

ensure that the tendons have accurate initial forces, the initial jacking foresee in the 

Ruaumoko model was adjusted until the losses at the end of construction matched those 

calculated by the contractor’s engineer.  The average results for all tendons at various 

segment joints are shown in Figure 4-28.  On average the losses from the Ruaumoko 

model and those determined by the contractors engineer are within 5%.   
50
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Figure 4-28 Comparison of Average PT Posses 

4.6. 525 Foot Span Results 

4.6.1. Dead Load Stress Profile 

The results from a full longitudinal construction staging analysis of the SFOBB skyway 

were obtained from the contractor. A comparison of the top and bottom superstructure 

stresses, at the end of construction, between the Ruaumoko model and the contractor’s 

BD2 model are shown in Figure 4-29 and Figure 4-30, respectively. In the Ruaumoko 

model, the concrete is effectively placed and all the PT tendons stressed for the entire 

bridge simultaneously. The Ruaumoko model grossly overestimates the top stress and 

underestimates the bottom stresses.  Clearly this is not correct and must be adjusted. 

51
 



 

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 5000 10000 15000 20000 25000
Distance (in)

st
re

ss
 (k

s

Parsons
Model

Pier 
2

Pier 
3

Pier 
4

Pier 
5

St
re

ss
 (k

si
)

st
re

ss
 (k

s

  

 

 

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 5000 10000 15000 20000 25000
Distance (in)

st
re

ss
 (k

s

Parsons
Model

Pier 
2

Pier 
3

Pier 
4

Pier 
5

St
re

ss
 (k

si
)

st
re

ss
 (k

s

 

 

   

 

-2.5 

-2.0 

-1.5 

-1.0 

-0.5 

0.0 

0.5 

0 5000 10000 15000 20000 25000 
Distance (in) 

Parsons 
Model 

Pier 
2 

Pier 
3 

Pier 
4 

Pier 
5

St
re

ss
 (k

si
) 

Figure 4-29  Comparison of Superstructure Top Stresses Prior to Calibration 
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Figure 4-30  Comparison of Superstructure Bottom Stresses Prior to Calibration 

To more accurately represent the stress state of the joints after construction, equal and 

opposite forces and moments were applied across each joint in the Ruaumoko model. 

The value of these forces was iterated until convergence with the contractor’s stress state 

was achieved. Figure 4-31 and Figure 4-32 show a comparison of the top and bottom 

stresses after accounting for the longitudinal construction staging effects.  The dead load 
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superstructure stress profiles achieved through this process are shown in Figure 4-33 for 

segment joints various piers and spans.  The stress profiles on exterior piers exhibit a 

steep gradient while the interior piers and spans are near uniform.  All stresses are below 

the AASHTO limit of 0.45 fc 
' (AASHTO, 1999). The average compression stress across 

both pier and span segment joint is 22% of fc 
' . 
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Figure 4-31  Comparison of Superstructure Top Stresses after Calibration 
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Figure 4-32  Comparison of Superstructure Bottom Stresses after Calibration 
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Figure 4-33 525 Foot Span - Dead Load Superstructure Stress Profile for Typical Piers and Spans 

4.6.2. Mode Shapes 

The primary longitudinal and vertical mode shapes are shown in Figure 4-34 and Figure 

4-35, respectively. The primary longitudinal mode had a period of 2.0 seconds and 

engaged 93% of the mass. The dominant vertical mode had a period of 0.66 seconds and 

captured 41% of the mass. 
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Figure 4-34 525 Foot Span - Primary Longitudinal Mode 
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Figure 4-35 525 Foot Span - Primary Vertical Mode 

4.6.3. Longitudinal Push Analysis 

A longitudinal push-over analysis was performed in order to understand the hinging 

sequence of the frame, see Figure 4-36. The top of the piers hinge first, prior to engaging 

the abutment soil springs. The bottom of the piers hinge when the top hinges reach a 

displacement ductility of about 4. It is important to note that the foundations soil springs 

reduce the initial stiffness by approximately 75% and change the hinging sequence. 
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Figure 4-36 525 Foot Span - Longitudinal Push Analyses 

4.6.4. Vertical Cyclic Push Analysis 

A series of vertical reversed cyclic pushover analyses were performed in order to verify 

the moment-rotation behavior of the segment joints. Results from segment joint W1 (i.e., 

nearest the pier) and segment joint 10 (i.e., midspan) are shown in Figure 4-37. The 

response captures joint opening, concrete crushing and PT yielding for both positive and 

negative bending directions. 
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Figure 4-37 525 Foot Span - Typical Moment-Rotation Diagrams from Cyclic Push Analysis 
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4.6.5. Earthquake Time History Analyses 

4.6.5.1. Contribution of Vertical Earthquake Motion 

To quantify the contribution of vertical motion on the joint response, the model was 

subjected to longitudinal motions only, as well as simultaneous longitudinal and vertical 

earthquake motions. Figure 4-39 and Figure 4-40 summarize the maximum (i.e. positive 

bending) joint rotations for all segment joints and all earthquake records.  The horizontal 

axis of each chart shows the six different joint families. W1/E1 represents the first joint 

west or east of the pier, while W9/E9 is nine segment joints away from the pier and is 

adjacent to midspan (see Figure 4-38). Each vertical bar represents the peak rotation for 

a segment joint family due to a particular earthquake. The median earthquake response 

of each joint family is also shown. Figure 4-39 shows the results for only longitudinal 

earthquake motion, while Figure 4-40 shows the results for both longitudinal and vertical 

motion. It is clear that the vertical component significantly increases the joint response. 

By taking the median of the ratio of the segment joint median responses, we find that the 

median positive bending rotations increased by 575%. From similar plots, shown in 

Appendix A, we find that median negative bending rotations increased by 200% and the 

median residual rotations remain unchanged. 
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E3W3 E3E3W3W3 E2W2 E2E2W2W2 E1W1 E1E1W1W1 E9W9 E9E9W9W9 E8W8 E8E8W8W8 

Pier Segment 

Figure 4-38 525 Foot Span - Segment Joint Identification 
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Figure 4-39  525 Foot Span – Max. Segment Joint Rotations – Long. Input Ground Motion Only 
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Figure 4-40  525 Foot Span – Max. Segment Joint Rotations – Long. and Vert. Input Ground Motion 

4.6.5.2. Longitudinal Response of Piers 

The longitudinal response of the piers is shown in Figure 4-41.  The vertical bars 

represent the longitudinal drift ratio for each earthquake record.  The median drift ratios 
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are indicated with horizontal lines and are 2.7% and 2.0% for the short and tall piers, 

respectively.  These drift levels are easily achieved using current design practices.  The 

median residual drifts are 0.20% and 0.19% for the short and tall piers respectively. 
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Figure 4-41 525 Foot Span - Pier Longitudinal Drift Response 

4.6.5.3. Response of Superstructure Segment Joints 

The moment rotation response of selected segment joints is shown in Figure 4-42.  These 

diagrams do not necessarily represent the median response, rather they are closer to the 

84th percentile response.  They were selected because they show non-linear response and 

document the dynamic behavior of the model. 
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Figure 4-42 525 Foot Span - Sample Moment-Rotation Response 
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A summary of the segment joint response is shown in Figure 4-43.  The 16th, 50th (i.e., 

median) and 84th percentile response are shown on top of the cyclic push results to assist 

in visualizing the amount of non linear behavior.  

The results indicated that the median response opened joints at the piers and midspan 

with an expected gap opening of about 0.05 inches. Yielding of the PT tendons did not 

occur. Furthermore, the results showed that the segment joints closed completely after 

the seismic event and generated no residual joint openings for the median or 16th/84th 

percentile responses. 
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5. Model Limitations 

The results presented above are better understood when one fully comprehends the 

limitations of the model.  The limitations are as follows. 

•	 The stress state of the joints for the 300 foot span model is approximate and does 

not account for construction staging effects or time dependant effects such as 

creep, shrinkage or relaxation.  These effects will likely change the values 

presented modestly. But the general conclusions are expected to remain 

unchanged. 

•	 The focus of this investigation was limited to superstructures using bonded 

tendons. 

•	 3D effects were not considered at this time.  It is important to first understand the 

2D response before looking into the contributions of transverse earthquake 

motions on the segment joint response. 

•	 The pier bases for the 300 foot span model were assumed to be completely fixed, 

thereby neglecting soil-foundation structure interaction.  Accurate foundations 

soil springs were not easily accessible for this bridge and determining them was 

beyond the scope of this paper. Regardless, the general conclusions presented 

will likely remain unchanged because the vertical earthquake motion dominates 

the bridge response and soil structure interaction will predominately affect the 

longitudinal bridge response. 

•	 Both the 300 foot span and 525 span bridges were modeled with longitudinal 

abutment soil springs.  Most segmental bridges are very long, thus the 

contribution of the abutment to the global response of the bridge will likely be 
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very small.  Instead there may be interaction between adjacent frames, in the form 

of pounding. In the end the response is expected to be similar. 

•	 While all the earthquake motions used are records of historic earthquakes with the 

horizontal component scaled to a design spectrum that is compatible with a 2500 

year return period, it remains to be seen what the return period of the vertical 

motion represents. We have targeted records with strong vertical components, 

thus we may be subjecting the model to vertical motions that are rarer than a 2500 

year return event. Defining the vertical return period is beyond the scope of this 

report. 

•	 The models were subjected to coherent earthquake excitation.  Given the long 

spans of the bridges investigated herein, and the possibility for varying soil 

conditions, particularly at the SFOBB skyway site, the seismic wave may not 

enter the base of the piers in a synchronized manner.  Thus the assumption of 

coherent earthquake motion may not be correct.  Incoherent ground motions may 

increase the demands on the segment joint.   

•	 The unbonded length of the PT tendons was based on large scale experiments 

with 16 strand tendons (Megally et al., 2002).  This should be very close to the 

unbonded length for the 15 strand tendons used in the Otay River Bridge, but will 

likely be smaller than the unbonded length of the 34 strand tendons of the SFOBB 

Skyway. This underestimate of the unbonded length will underestimate the yield 

rotation of the segment joints, thus the rotation capacity of the 525 foot spam 

bridge presented herein, are likely underestimated. 
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6. Conclusions 

Detailed 2D analytic models of a single frame of two unique precast segmental bridges 

were developed, and subjected to a number of non-linear analyses.  The models were 

based on the Otay River bridge and the San Francisco-Oakland Bay Bridge Skyway and 

have typical span lengths of 300 feet and 525 feet, respectively.  The models accurately 

captured the non linear response of superstructure segment joints and were subjected to a 

suite of ten near field earthquake records with the goal of obtaining the median seismic 

response of the segment joints.  The span-to-depth ratios of the two bridge models were 

similar, with the 525 food span bridge being slightly more slender.   

The results indicate that vertical earthquake motions significantly contributes to the joint 

response, increasing the peak negative moment joint rotations by over 400%, the peak 

positive moment rotations by at least 90%, with only a marginal (less than 10% increase) 

effect on the residual rotations. In general, the influence of vertical motion on the joint 

response increased as span length increased. 

Based on both longitudinal and vertical earthquake motions, the results indicated that the 

median response opened joints adjacent to the piers and near midspan and that the 

maximum gap width was approximately 0.15 inches.  In addition, the bottom PT tendons 

adjacent to the piers may yield in the smaller span length; however there were no residual 

joint openings anywhere on the bridge. In general, the joint demands on the 300 foot 

span bridge were larger than the 525 foot span bridge.  This was likely due to the fact that 

the 525 foot span bridge has comparatively more compression across the segment joints. 
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The superstructure axial load ratio, due to longitudinal PT, of the 525 foot span was 

greater than the 300 foot span by 23% adjacent to the piers and 69% near midspan.   

The results clearly indicated that the superstructure segment joints opened during a 

significant seismic event.  The median response, however, was not sufficient to cause 

crushing of the extreme concrete elements.  Yielding of the PT only occurred in the 

bottom tendons near the piers of the 300 foot span model.  These tendons, however, were 

only a small percentage of the TP at that location.  Therefore no significant permanent 

damage was observed in the bridge superstructure and the stresses and strains in the 

concrete and PT remained essentially as they were prior to the seismic event.  

Debris on a bridge deck is unavoidable and it may be possible for debris to fall into a 

segment joint should one open during a seismic event.  Given the maximum observed 

segment joint gap width of 0.15 inches, however, it is very unlikely that debris of 

sufficient size and strength can fit into the gap and prevent full closure of the segment 

joint. Debris that is small enough to fit into the gap will likely be pulverized by the 

significant compression forces across the segments joint due to the longitudinal PT.  Any 

residual cracks that may be created in all likelihood will be approximately the size of 

shrinkage cracks.  Thus, this unlikely occurrence will not cause the bridge to be more 

maintenance dependant than a typical prestressed concrete bridge with shrinkage cracks. 

Based on the results and limitations presented above, it appears that the current design 

practices in California, which are based on capacity design procedures, prevent 

significant damage to segmental bridge superstructures. 
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NNAA 

7. Design Recommendations 

Based on the results and conclusions presented above, the following design 

recommendations are proposed. 

•	 The top and bottom flange thickness must be large enough to ensure that the 

neutral axis of the superstructure does not migrate into the webs upon joint 

opening and crushing of the extreme concrete fibers. In other words, the top 

flange at the piers must be able to take the jacking force of the top and continuity 

tendons plus the yield force of the bottom tendons. Similarly, the bottom flange 

at the piers must be able to take the jacking force of the bottom tendons plus the 

yield force of the top and continuity tendons. Likewise for the midspan joints. 

This is especially relevant under 3D loading and confinement of the corners 

should be considered, see Figure 7-1. 

NANA 

Figure 7-1 Schematic of Neutral Axis Depth due to 3D loading 

•	 While the results indicated that critical PT tendons were unlikely to exceed the 

full yield limit state, the possibility of loss of prestressing due to yielding of 

tendons warrant the recommendation that new segmental bridges allow for the 

possibility of future tendons in the design. The AASHTO Guide Specifications 

for Design and Construction of Segmental Concrete Bridges (AASHTO, 1999) 

requires provision for access and anchorage attachment of future tendons with a 
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PT force not less than 10% of the positive and negative moment primary PT 

forces. While this provision was intended to be an allowance for the addition of 

future dead load or to adjust for cracking or deflection of the bridge, it will likely 

be acceptable for seismic concerns as well.   

•	 Continue using capacity design principles to design precast segmental 

superstructures as this approach appears to prevent permanent joint opening and 

significant yielding of the PT tendons adjacent to the piers.  Capacity design 

principles are essential to control the seismic performance of the column-

superstructure connection. The current capacity design approach considers over-

strength of the column in the design of the superstructure but does not consider 

the column axial force increase due to vertical excitation and the corresponding 

increase in the column moment capacity.  This approach is thus not a truly 

rigorous capacity design approach, but it appears to be acceptable and 

considerations for the effects of vertical earthquake motion on the column 

moment capacity are not recommended for the capacity design of the 

superstructure. 
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8. Future Research 

Possible avenues for further study are briefly outlined in this chapter. 

•	 The research presented herein focused solely on the two dimensional response of 

segmental superstructures.  It is possible that the transverse earthquake response 

may increase the demands on the segment joint and the PT tendons.  Since 

yielding of the PT and the subsequent loss of prestressing force can have a 

significant influence on the serviceability of bridges, the 3D response of precast 

segmental superstructure warrants further study. 

•	 The initial stress state will change through out the life of the bridge due to creep, 

shrinkage, relaxation and temperature.  Yet an earthquake may occur at any time 

during the life of a bridge. Thus it is important that the impact of the pre-

earthquake stress state on the response of the segment joints be better understood, 

through further analyses and sensitivity studies.  It is expected that this effect will 

be more relevant to cast-in-place segmental since the concrete in the segments is 

less mature at the time of stressing. 

•	 The detailed analysis presented herein utilized a joint model that is based on an 

unbonded length from a 16 strand tendon.  Most segmental bridges utilize larger 

tendons. The development length of full scale tendons has never been fully 

investigated, and warrants further study, in the form of large scale testing, to more 

accurately assess the response of segmental bridge joints. 

•	 Long span bridges are susceptible to increased seismic demands caused by 

incoherent ground motion.  It has been shown that segment joints of precast 

segmental bridges are sensitive to coherent vertical ground motion.  Incoherent 
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ground motion may excite anti-symmetric modes that may increase segment joint 

demands and influence the serviceability of the bridge after a significant seismic 

event. Thus further research into this effect is warranted. 

•	 The emphasis of this report is on the scaling of records to match the horizontal 

response spectra, because no guidelines exist for matching the vertical response 

spectra. Further studies are necessary to develop vertical acceleration design 

spectra as well as guidelines for scaling ground motions to vertical design spectra.   

•	 This report focused on the response of segmental bridges with bonded tendons. 

The use of external unbonded PT tendons may increase the possibility of reducing 

the amount of PT required in the superstructure as unbonded tendons have 

significantly larger rotation capacity.  Thus further studies into the response of 

unbonded tendons are warranted. 
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Appendix A – Effect of Vertical Ground Motion on Joint Rotation 
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Figure 9-1  300 Foot Span - Maximum Segment Joint Rotations – Long. Only 
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Figure 9-2  300 Foot Span - Maximum Segment Joint Rotations - Long. and Vert. 
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Figure 9-3 300 Foot Span - Minimum Segment Joint Rotations - Long. Only 
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Figure 9-4 300 Foot Span - Minimum Segment Joint Rotations - Long. and Vert. 
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Figure 9-5  300 Foot Span - Residual Segment Joint Rotations - Long. Only 

0.00000 

0.00002 

0.00004 

0.00006 

0.00008 

0.00010 

0.00012 

D1/U1 D2/U2 D3/U3 D13/U13 D14/U14 midspan 
Segment Joint 

BOL CAL MOR PAC RIN SYL 
TAB TAK TCU WIL Median 

R
ot

at
io

n 
(r

ad
) 

Figure 9-6  300 Foot Span - Residual Segment Joint Rotations - Long. and Vert. 
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Figure 9-7  525 Foot Span - Maximum Segment Joint Rotations - Long. Only 
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Figure 9-8  525 Foot Span - Maximum Segment Joint Rotations - Long. and Vert. 
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Figure 9-9 525 Foot Span - Minimum Segment Joint Rotations - Long. Only 
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Figure 9-10  525 Foot Span - Minimum Segment Joint Rotations - Long. and Vert. 

R
ot

at
io

n 
(r

ad
) 

75
 



 

0.000000

0.000002

0.000004

0.000006

0.000008

0.000010

0.000012

0.000014

0.000016

0.000018

W1/E1 W2/E2 W3/E3 W8/E8 W9/E9 midspan
Segment Joint

R
ot

at
io

n 
(r

a
BOL CAL MOR PAC RIN SYL

TAB TAK TCU WIL Median
R

ot
at

io
n 

(r
ad

)
R

ot
at

io
n 

(r
a

 
    

0.000000

0.000002

0.000004

0.000006

0.000008

0.000010

0.000012

0.000014

0.000016

0.000018

W1/E1 W2/E2 W3/E3 W8/E8 W9/E9 midspan
Segment Joint

R
ot

at
io

n 
(r

a

BOL CAL MOR PAC RIN SYL
TAB TAK TCU WIL Median

R
ot

at
io

n 
(r

ad
)

R
ot

at
io

n 
(r

a

 

   

0.000000 

0.000002 

0.000004 

0.000006 

0.000008 

0.000010 

0.000012 

0.000014 

0.000016 

0.000018 

W1/E1 W2/E2 W3/E3 W8/E8 W9/E9 midspan 
Segment Joint 

BOL CAL MOR PAC RIN SYL 

TAB TAK TCU WIL Median 
R

ot
at

io
n 

(r
ad

) 

Figure 9-11 525 Foot Span - Residual Segment Joint Rotations - Long. Only 
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Figure 9-12 525 Foot Span - Residual Segment Joint Rotations - Long. and Vert. 
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Appendix B – Ruaumoko Description (Carr, 2004) 
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