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EXECUTIVE SUMMARY 

This project investigated the feasibility of replacing the damaged deck of post-tensioned 

concrete box-girder bridges without the use of falsework under any of the superstructure spans. 

California has over 7000 state owned post-tensioned concrete box-girder bridges. While these 

bridges have served the transportation system well, many of them have been in service for over 50 

years, and replacement of their damaged decks has become an increasing issue. The goal of the 

project was to investigate implementable strategies for safe and effective replacement of the 

damaged decks, thereby extending the service life of these aging bridges. 

Finite element models of four post-tensioned box-girder bridges, which were selected in 

consultation with Caltrans, were developed for investigation of various deck replacement 

strategies. Parameters of the study included straight, curved and skewed bridges, and simple versus 

multi-span bridges. Deck replacement in post-tensioned box-girder bridges needs special attention 

as the deck forms an integral part of the load-resisting mechanism and large prestressing forces are 

being locked in by the post-tensioning in the superstructure. Considerations must be made to 

include an assessment of the potential for unfavorable stress reversals or redistribution during deck 

replacement. In the analysis of these four bridges, practical options for lane closure and traffic re-

routing were incorporated into the replacement strategy, and these options included temporal 

longitudinal and transverse replacements. Time-dependent properties for concrete and steel were 

incorporated into the finite element model, and transient and long-term stresses and deflections up 

to 50 years were extracted for comparison among different replacement options. 

Results indicated that full-depth deck replacement may be difficult as the current AASHTO 

stress and deflection limits were violated in all four of the bridges selected for the study. Results 

also indicated that the “all-span replacement strategy” and the “negative-moment-region-first 

iii 



 

              

                  

                

                    

                

               

    

 

 

 

 

 

 

 

  

replacement strategy” were the two best options for deck replacement if stress and deflection 

violations can be mitigated. As a general trend, the top of the web stress and the girder downward 

deflection were found to accumulate when the deteriorated deck was removed and a new deck was 

cast. Tensile stresses in the top fiber of the deck were found to be critical at mid-span and over the 

bent for these four bridges. Mitigating measures such as the use of precast, prestressed deck panels 

or other means of providing pre-compression to the new deck are suggested to counteract the 

potentially large tensile stresses. 
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Charpter 1 

Introduction 
1.1 Background 

Post-tensioned box-girder concrete bridges are the most common type of short and medium 

span bridges in California. Currently, nearly 7000 state-owned bridges of post-tensioned box-girder 

design are in service [1]. In these types of bridges, the box-girder is efficiently proportioned to 

reduce the self-weight while maintaining a relatively large bending stiffness and torsional rigidity. 

The use of post-tensioning in box-girder bridges allows a longer span design and provides an 

effective means of controlling potential cracking in the structure under the service loads. Post-

tensioned box-girder construction continues to be the structure of choice for typical crossings since 

the rapid expansion of the transportation system in the mid-1970s. 

While post-tensioned box-girder bridges have served the transportation system well, with 

many of them been in service for well over 50 years, deck deterioration has become increasingly a 

maintenance issue. Typical deck damage includes spalling, delamination or cracking of the 

concrete and corrosion of reinforcement [2]. While some deck deterioration may be attributed to 

increased traffic volume or vehicular loads, others may be attributed to poor construction practice 

such as inadequate compaction of concrete at the time of placement. As these post-tensioned box-

girder bridges age, their bridge decks need ongoing preservation, in the form of deck repair, 

rehabilitation or replacement. 

Issues related to the replacement of damaged bridge decks were examined in this study. Since 

the deck is an integral part of the load-resisting mechanism, replacement of post-tensioned box-

girder bridge decks needs special attention as large prestressing forces are being locked in by the 
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post-tensioning in the superstructure. Careful considerations must therefore be made during 

replacement, especially for stress reversals or redistribution that can create unfavorable stress 

conditions detrimental to the structure. Since most of the deck-replacements are expected to be 

carried out while the bridge is in service of the traffic, attention must also be paid to logistical 

issues that may arise during replacement, and these issues include the scheduling of lane closure 

and re-routing of traffic. Efforts must be made to minimize the disruption to the flow of traffic 

during lane closure and re-routing. In multi-span structures, the sequence of deck replacement in 

the longitudinal direction may also be important. Different sequences should be considered, for 

example, whether the sequence of span-by-span replacement from one abutment to the other 

abutment has any advantage over deck removal carried out first in the negative moment region 

followed by deck removal in the positive moment region. Deck removal in the transverse and 

longitudinal directions both affect the stresses in the box-girder, and these stresses may accumulate 

as the replacement progresses. A sound strategy for deck replacement must consider both transverse 

and longitudinal replacement sequences, with the best option being assessed based on serviceability 

and constructability. 

1.2 Review of Relevant Research 
The need for replacement of damaged bridge decks is not unique to California. Several states 

in the United States have successfully conducted deck replacement, but their replacements were 

mostly carried out on concrete-steel composite/non-composite bridges [3–8]. A notable exception 

was a study conducted by Reppi and Sanders, who investigated the feasibility of deck replacement 

in cast-in-place post-tensioned box-girder bridges in Nevada [9]. In their study, four post-tensioned 

concrete box-girder bridges were selected for 2D and 3D finite element (FE) analysis, and the four 

bridges were consisted of two simple-span bridges (one straight and one skewed), and two 
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by providing shoring during the deck replacement. However, the feasibility of providing shoring 

to bridge crossings, particularly in high traffic volume areas, remained unclear and not addressed 

in the report. 

1.3 Objectives and Scope 
This project investigated various options that may be implemented to permit a safe deck 

replacement without relying on any falsework support under the superstructure spans. The 

objective was to extend the service life of aging concrete box-girder bridges in California. The goal 

of the study was achieved by incorporating the following details: 

1. For each of the selected bridges, feasible scheduling strategies for lane closure and re-

routing were developed. Options included longitudinal replacement sequences as well as the extent 

of deck replacement in each sequence. 

2. Detailed 3D finite element models were developed for post-tensioned box-girder bridges. 

Different construction stages and time-dependent material properties were incorporated into the 

model. Effects from changes in dead load during deck replacement as well as from live loads acting 

on the new deck were quantified. 

3. Critical stresses developed during deck removal and reconstruction were compared with 

the current design stress limits. These transient stresses were also compared with the stresses before 

deck removal. Superstructure deflections were examined at different stages of the replacement to 

provide an indication of the magnitude of upward or downward deflection during the rehabilitation. 

1.4 Analysis Tools 
Computer software capable of reflecting the construction stages of deck removal and 

reconstruction was required for the analysis. A commercial program, CSiBridge (2017) [11], was 
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selected as the computational platform. A feature representing staged construction, which was 

available in the program, allowed the sequence of deck removal and reconstruction to be simulated 

in the software. Vehicular loads consisting of AASHTO HL-93 was adopted for the live load 

analysis. Specifically, AASHTO LRFD vehicles consisting of HL-93K, HL-93M and HL-93S, 

which were available in CSiBridge (2017), were used. Time-dependent concrete and steel 

properties were incorporated to capture the long-term conditions of the bridge. 

1.5 AASHTO Stress and Deflection Limits 
Stresses and deflections are important criteria for assessing the performance of the bridge 

during and after deck replacement. To that end, permissible limits specified by the current 

AASHTO Specifications [10] are used for comparison with the computed maximum stresses and 

deflections during replacement and extended service life of the bridge. The relevant AASHTO 

Specifications [10] limits are reproduced in the table below: 

Table 1.1 AASHTO Limits [10] 

1.6 Organization of Report 

This report is organized into the following five chapters: 

● Chapter 1—Introduction

The background of this research is introduced, followed by a summary of previous deck 

replacement research. Pertinent issues arising from bridge deck replacement are highlighted. 

Objectives and scope of the study are outlined, and methodologies and analysis tools are 
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described. 

● Chapter 2—Post-tensioned Box-girder Bridges Selected for the study 

The set of post-tensioned box-girder bridges selected for the study are described in this 

chapter. Bridge geometry and details pertinent to finite element modeling are discussed. 

Strategies for lane closure and re-routing for each of the selected bridges are presented. 

Feasible options for longitudinal sequences of deck replacement are described. 

● Chapter 3—Details of Finite Element Models 

Details of 3D finite element models, developed using CSiBridge (2017), are described. 

The sequence of deck removal and reconstruction, were carefully modeled using the staged 

construction feature in the program. AASHTO HL-93 live load was imposed in each of the 

replacement stages. The assumed time-dependent properties of concrete and steel are 

described. Procedures for extracting stresses and deflections from the finite element models 

are illustrated. 

● Chapter 4—Analysis Results 

For each of the replacement options considered for the bridge, stresses at critical nodes 

were tracked through all construction stages. Stresses were extracted for the top and bottom 

fibers and at the top of the webs. Vertical displacements that were computed at the top of the 

webs were used to represent the overall deflection of the bridge. Stresses and deflections 

were compared with the design limits to examine their criticality during replacement. 

● Chapter 5—Conclusions and Recommendations 

Finite element results from four selected bridges are summarized. Recommendations 

for further investigation are also made. 

● References 

● Appendices 
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Charpter 2 

Post-Tensioned Concrete Box-Girder Bridges for 

Deck Replacement—Details 
2.1 Preliminary 

Four as-built box-girder bridges, representative of typical post-tensioned construction in 

California, were selected for detailed deck replacement analysis. The set of selected bridges were: 

(i) one two-span continuous straight bridge (span lengths = 207.5 feet and 210.5 feet) 

(ii) one three-span curved bridge (span lengths = 124.7, 179.8 and 154.9 feet and radius = 

1164.7 feet) 

(iii) one wide simply-supported bridge (span length = 120 feet) 

(iv) one three-span skewed bridge (span lengths = 51, 132 and 51 feet and skew = 59°24'28") 

As noted in Chapter 1, the sequence of transverse and longitudinal replacements is important 

for logistic reasons. The transverse replacement sequence often requires lane closure and re-

alignment or re-routing to minimize traffic disruption, while the longitudinal replacement sequence 

depends on contractor’s ability to remove the old deck and casting of a new deck quickly. Of equal 

importance are the magnitudes of stress increase and span deflection generated by the staging of 

the transverse and longitudinal replacement sequences. Depending on the number of spans, their 

lengths and the number of traffic lanes, the number of analysis scenarios can be large upon 

combination of transverse and longitudinal replacement sequences. In this chapter, feasible 

transverse and longitudinal replacement sequences, with helpful guidance by Caltrans, are 

proposed for the four selected bridges. 
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In formulating the deck replacement options for the four selected bridges, four assumptions 

were made regarding the strategy: 

(i) Use of couplers to connect reinforcing bars for different casts of the new deck 

Although lap-splices are commonly used in bridge decks, their deployment may reduce the 

available lane width during lane closure. For example, the current AASHTO Specification [10] 

requires a lap-splice length of 45 times the diameter for rebar size of # 8 or smaller. Thus for #5 

reinforcing bar, which is a common bar size for bridge decks in California, a lap-splice length of 

28 inches would be required. On the other hand, construction experience in California shows that 

the use of couplers in bridge decks would allow the construction gap to be reduced to 12 inches, 

which is significantly smaller than the required lap-splice length. Thus couplers were assumed to 

be used during deck replacement in all four of the selected bridges. 

(ii) Use of barrier rails for lane division 

Barrier rails are often needed during deck replacement to guide traffic within the designated 

lanes. When a portion of the deck is being removed, barrier rails are needed for safety, and these 

units are typically placed near the edge of the existing old deck to accommodate the re-routed 

traffic. After the new deck has been constructed, barrier rails are re-positioned to the edge of the 

new deck when traffic is re-routed onto the new deck. Barrier rails are therefore treated as a 

movable “dead” load to be placed at different locations depending on the replacement stages. In 

this study, Caltrans Type K barrier rails, which has a self-weight of 400 lb/ft, are used throughout 

[12]. The placing and moving of K-rails was simulated in the finite element model by adding and 

removing their self-weight. 
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(iii) Provision of falsework support for the new concrete deck 

As noted earlier, the deck replacement methodology adopted in this study assumed that a gap 

was needed to accommodate the couplers of the reinforcing bars between the new and old concrete 

decks. The gap, which had been assumed to be 12 inches, typically extends from the face of the 

web (for example, see stage 2 in Figure 2.3(c)), and the gap would result in significant overhang 

of the deck before the entire deck is fully connected. One concern arising from the unconnected 

deck was the potentially large stresses that might be developed from the self-weight and the 

imposed live loads when the new deck was opened to traffic during construction. In this context, 

falsework was assumed to be provided during construction to support the cantilever portion of the 

new deck slab. The design of the falsework was not a part of this study but would be assumed to 

be adequately proportioned to transmit the self-weight of the new deck and live loads to the soffit. 

The falsework support was assumed to be left inside the box-girder after deck replacement. It 

should be noted that the falsework support was incorporated into the finite element model in this 

study. 

(iv) New concrete deck properties 

While high-performance concrete was certainly an attractive option for more durable deck 

replacement, its consideration was not included in this study. As the emphasis of this study was to 

study the feasibility of deck replacement in post-tensioned box-girder bridges without the use of 

falsework for superstructure span, the new deck would be assumed to be constructed of normal 

cast-in-place concrete with mechanical properties comparable with the old concrete of the box-

girders. In essence, the same concrete material properties were assumed for new and old concrete. 
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2.2 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22-

147) 
2.2.1 Bridge Geometry 

The Route 113/5 Separation Structure, serving as an interchange between California State 

Route 113 and Interstate Freeway 5 in the City of Woodland, CA, which was constructed in 1973, 

was selected as the first bridge for investigation of deck replacement. Figure 2.1 shows a 

photograph of the bridge viewed from below and looking north. The post-tensioned box-girder 

bridge was supported on a single-column bent, denoted as Bent 2 in the photograph. The structure 

was straight for 82% of its total length, but had a slight curve with radius of 1800 feet at the north 

end. It should be noted that in the final finite element model, the bridge was treated as straight for 

the full length. Although the actual center-bent was skewed relative to the bridge axis in order to 

better accommodate the traffic below, the bent was modeled as perpendicular to the bridge axis in 

the finite element model. The flare at the top of the column, provided primarily for architectural 

reasons, as can be seen in Figure 2.1, was also not incorporated in the finite element model. Details 

of the finite element model will be presented in Chapter 3. 

Figures 2.2(a) and (b) show the plan view and the cross-section of the box-girder. The 

superstructure was continuous over two spans with lengths of 207’-6” and 210’-6”. The width of 

the bridge was 41 feet, which had been designed to accommodate two 12 feet lanes with a 5 feet 

wide shoulder on the left and 10 feet wide shoulder on the right. A 12 inch wide crash barrier had 

been installed on either side of the deck, as shown in Figure 2.2(b). Structurally, the box-girder was 

constructed of four cells, with an interior girder width of 12 inches and a girder spacing of 8’-3”. 

The two exterior girders were non-prismatic having a sloped inside face. The thicknesses of the 

deck and soffit slab were 6.5 and 5.5 inches respectively. 
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Figure 2.1 Route 113/5 Separation Structure (Bridge No. 22-147) 

(a) Plan 

41' 

Abutment 1 Bent 2 Abutment 3 

207'-6" 210'-6" 
A 

A 

4" Fillets 

11" 

1' 1' 
41' 

2'-4" 

2'-4" 

1' 
6.5" 7" 

5.5" 

8' 

10' 24' 5' 
Two lanes Shoulder Shoulder 

8'-3' 8'-3" 8'-3" 8'-3" 4' 4' 
Section A-A 

(b) Cross-section 

Figure 2.2 Plan and cross-section of the Route 113/5 Separation Structure 
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2.2.2 Deck Replacement Options 
● Transverse Replacement Sequence 

Figures 2.3(a)–(f) show the transverse replacement sequence for the Route 113/5 Separation 

Structure, which was serving two lanes of north-bound traffic. The replacement strategy in this 

case assumed the removal and reconstruction of the deck on the two right cells first, reducing the 

two lanes to one. The process of deck replacement was repeated for the two left cells upon 

completing the new deck on the right. In Stage 1, as depicted in Figure 2.3(b), the deck on the right 

lane, which was approximately two-cell wide and 20 feet wide, was first saw-cut and removed 

together with the right barrier. The cut was assumed to be made to align with the right face of the 

web of the middle girder. A 2 feet wide K-rail, aiming to allow a continuous flow of the traffic on 

the left lane, was placed next to the middle girder at a distance of 6 in from the cut, as shown in 

Figure 2.3(b). In Stage 2, as depicted in Figure 2.3(c), the new deck was shown to be supported by 

falsework in order to mitigate the stresses from its dead load as well as from the live load that the 

new deck would be subjected to when opened to traffic. Figure 2.3(c) also shows a 1-foot gap in 

the new deck with starter bars in-place and ready for coupler connection in subsequent stages. In 

Stage 3, as depicted in Figure 2.3(d), the deck replacement moved onto the left lane. In this case, 

the remaining 21 feet wide left deck was completely removed together with the crash barrier. The 

dividing K-rail was then re-positioned from the old left deck onto the new right deck. It should be 

noted that, in Stage 3, the K-rail was placed to provide an exactly 12 feet wide lane, thus avoiding 

unwarranted vehicular loading on the newly cast cantilever slab. In Stage 4, as depicted in Figure 

2.3(e), the new concrete for the left lane was cast, forming a cold joint with the previous new deck, 

and the rebars of the two new decks were connected by couplers. It was assumed that the falsework 

provided in Stage 2 would be sacrificed and left inside the box girder. Stage 5, as depicted in Figure 
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2.3(f), represents the final stage transverse replacement sequence, where the K-rail was removed 

and the original 41 feet wide deck being fully restored. 

13 



 

 

       

 

   

 

   

 

   

            

 

  

   
          

 
     

     
  

  

41' 
1' 1' 10' 24' 5' 

Two lanes Shoulder Shoulder 

(a) The initial stage before deck replacement 

1' 19' 2' 17'-6" 1' 
20' 21' 

6" Removal of deck for 
right lane Barrier K-rail 

(b) Stage 1 

2' 6" 
19' 17'-6" 1' 

1' 
Gap 

Starter bars 
for lap-splice 

Falsework 
support 

New Deck for right lane 

(c) Stage 2 

Removal of deck for left lane 
New right lane 

opened to traffic 

1' 20' 1' 2' 12' 1' 
21' 

4' 

(d) Stage 3 

Figure 2.3 Transverse replacement sequence for bridge No.1 (Route 113/5 Separation Structure) 
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22' 12' 1' 4' 2' 
New Deck 
for left lane 

New right lane 
opened to traffic 

Deck rebars connected 
by couplers 

(e) Stage 4 

1' 10' 24' 5' 1' 
41' 

Cold 
joint 

New deck with 2 lanes Shoulder Shoulder 

(f) Stage 5 — completed deck replacement 

Figure 2.3(continued) Transverse replacement sequence for bridge No.1 (Route 113/5 Separation 

Structure) 
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● Longitudinal Replacement Sequence 

Figures 2.4(a)–(e) show five possible options for implementation of the longitudinal 

replacement sequence for the Route 113/5 Separation Structure. The notation “Deck” and “Joint”, 

followed by a numeral, had been used to identifying the sequence of deck replacement in the 

longitudinal direction. The numbering system was useful for grouping of finite elements that were 

to be removed and added back to the model during staged construction in CSiBridge (2017). 

In Option 1 shown in Figure 2.4(a), Deck 1 indicated that the deck on the right lane would be 

removed and replaced for both spans. The replacement was followed by Deck 2 which would 

involve the removal and replacement of the deck on both spans. Upon completion of the operation 

for Deck 2, Joint 1, simulating the connection of the new and newer decks, was executed to 

complete the deck replacement of Option 1. One can view this option as an “all-span replacement 

strategy,” which would have the advantage of speed as well as lesser traffic disruption. 

Option 2 involved a “span-by-span replacement strategy”, where the deck was removed and 

reconstructed in one span each time. With a smaller portion of the deck being replaced and rebuilt 

(compared with Option 1), changes to the state of the bridge were expected to be less in this option. 

On the other hand, the time for completion was expected to be longer than that of Option 1 as a 

larger number of construction stages was involved. 

Options 3 and 4 were refinements of the longitudinal replacement sequence, and could be 

viewed as “half-span replacement strategy.” In either option, only half of Span 1 or 2 would be 

replaced in each stage in the longitudinal direction. The two options, which assumed that the 

replacement sequence could proceed from either or both abutments, were intended to determine 

whether a more “balanced” strategy would minimize the span deflection and whether a smaller 

extent of deck removal would avoid significant stress build-up in the box-girder during replacement. 

Option 5, denoted as “negative-moment-region-first” replacement strategy, assumed that the deck 
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was first replaced and reconstructed in the negative moment region, followed by removal and 

reconstruction in the positive moment region. If the deck in the negative moment region had 

deteriorated, prompting deck replacement, then stresses in that region would have been relieved 

from the damage in the deck, which would in turn mean that the removal and replacement of the 

deck in that region would have minimal impact on the stress states of the bridge. Using 𝐿1 and 𝐿2 

to denote the length of Span 1 and 2, the extent of negative bending moment deck replacement was 

taken to be 0.25(𝐿1 + 𝐿2), leaving the length of positive bending moment replacement as 0.75𝐿1 

and 0.75𝐿2 in Span 1 and 2 (see Figure 2.4(e)). It is worth noting that, the naming of Deck 2a and 

2b, with letters “a” and “b” added to the numeral, was to signify that the two decks would be 

removed and reconstructed simultaneously rather than sequentially. Similarly, the naming of Joint 

2a and 2b meant that these joints would be constructed simultaneously. 
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Deck 2 

Deck 1 
Joint 1 

Bent 2 Abutment 3 Abutment 1 

(a) Option 1 

Deck 3 

Deck 1 
Joint 1 

Deck 4 

Deck 2 
Joint 2 

Bent 2 Abutment 3 Abutment 1 

(b) Option 2 

Deck 1 
Joint 1 
Deck 5 

Deck 3 
Joint 3 
Deck 7 

Deck 4 
Joint 4 
Deck 8 

Deck 2 
Joint 2 
Deck 6 

Bent 2 Abutment 3 Abutment 1 

(c) Option 3 

Deck 1 
Joint 1 
Deck 5 

Deck 3 
Joint 3 
Deck 7 

Deck 2 
Joint 2 
Deck 6 

Deck 4 
Joint 4 
Deck 8 

Bent 2 Abutment 3 Abutment 1 

(d) Option 4 

Deck 2a 
Joint 2a 
Deck 4a 

Deck 2b 
Joint 2b 
Deck 4b 

Bent 2 Abutment 3 Abutment 1 

0.25(L1+L2) 0.75L1 0.75L2 
Deck 3 

Deck 1 
Joint 1 

(e) Option 5 

Figure 2.4 Longitudinal replacement sequences for bridge No.1 (Route 113/5 Separation Structure) 
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 Combined Transverse and Longitudinal Sequences 

The combination of the transverse replacement and longitudinal replacement sequences, as 

discussed in the previous sections, resulted in five overall replacement options for the Route 113/5 

Separation Structure. Table 2.1 tabulates the stages needed for modeling by “staged construction” 

in CSiBridge (2017). The stage numbers in Table 2.1 were used to identify the different states in 

the model as a result of removing or adding deck elements and to designate a time when long-term 

stresses were to be calculated in the new deck. It should be noted that the stage numbers in Table 

2.1 were different from that of the transverse replacement sequences in Figure 2.3. 

Table 2.1(a) shows that Option 1 had 11 stages in total, representing the stages before, during, 

and after deck replacement and the stages during the service of the new deck from 5 and 50 years. 

Stage 1 represented the stage before deck replacement, in which only the dead load and prestressing 

force were applied to the bridge model. This initially loaded stage would be termed the reference 

stage, providing a baseline for subsequent comparison of stresses and deflections during and after 

replacement. In Stage 2, finite elements corresponding to “Deck 1 and Joint”, i.e., elements for the 

right lane and the 1-foot wide gap, were removed together. In Stage 3, however, only the elements 

corresponding to “Deck 1” were added back to the model; this step was to simulate only the 

construction of the new deck where the “Joint” representing the connection of the new and newer 

decks was made at a later stage. The same removal and reconstruction process was repeated for the 

left lane. Specifically, in Stage 4, the process of removing the old deck moved to “Deck 2”, 

followed by casting the new deck for both “Deck 2” and “Joint” in Stage 5. Finally, Stages 6 to 11 

corresponded to analyses carried out to investigate the long-term post-deck replacement stresses 

and deflections for ages from 5 to 50 years. 

Table 2.1(b) lists the different stages used in the finite element model for Option 2. As noted 

in Section 2.2.2, Option 2 represented a “span-by-span replacement strategy.” Stage 1 also 
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corresponded to the reference stage, same as Option 1, where only the dead load and prestressing 

forces were applied to the structure. “Deck 1 and Joint 1” were removed together in stage 2, 

followed by casting of new concrete for only “Deck 1” in Stage 3. Similar to the steps in Option 1, 

“Deck 2 and Joint 2” were removed together in Stage 4, followed by reconstruction of only “Deck 

2” in Stage 5. In the replacement of the left lane, old concrete in “Deck 3” was removed in Stage 

6, followed by reconstruction of both “Deck 3 and Joint 1” in Stage 7. Finally, “Deck 4” was 

removed in Stage 8 and followed by casting of concrete for “Deck 4 and Joint 2” together in Stage 

9. Stages 10 to 15 were included in the staged construction to monitor the long-term stresses and 

deflections for ages t = 5, 10, 20, 30, 40 and 50 years after deck replacement. 

In Options 3 and 4, both of which adopted the “half-span replacement strategy,” the number 

of stages increased to 23, as shown in Table 2.1(c). Note that interchanging Deck 2 with Deck 4, 

Deck 6 with Deck 8, and Joint 2 with Joint 4 of Option 3 would result in Option 4. 

In Option 5, the “negative-moment-region-first replacement strategy,” the replacement 

process started from the negative bending moment region, followed by replacement in the positive 

moment region. The numbering of different stages for Option 5 is listed in Table 2.1(d). Note that 

the small letters “a” or “b” have been appended to the deck number to signify that decks with the 

same letter would be removed or reconstructed together. For example, “Deck 2a” and “Deck 2b”, 

or “Joint 2a” and “Joint 2b”, were removed and replaced together. 
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Table 2.1 Replacement options for bridge No.1 (Route 113/5 Separation Structure) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 

Deck replacement procedures 3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2 

5 Rebuilding Deck 2 & Joint (see footnote 1) 

6–11 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(a) Option 1 (all-span replacement strategy) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 

3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2 & Joint 2 

5 Rebuilding Deck 2 (see footnote 1) 

6 Removing Deck 3 

7 Rebuilding Deck 3 & Joint 1 (see footnote 1) 

8 Removing Deck 4 

9 Rebuilding Deck 4 & Joint 2 (see footnote 1) 

10–15 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(b) Option 2 (span-by-span replacement strategy) 
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Table 2.1(continued) Replacement options for bridge No.1 (Route 113/5 Separation Structure) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 

3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2 & Joint 2 

5 Rebuilding Deck 2 (see footnote 1) 

6 Removing Deck 3 & Joint 3 

7 Rebuilding Deck 3 (see footnote 1) 

8 Removing Deck 4 & Joint 4 

9 Rebuilding Deck 4 (see footnote 1) 

10 Removing Deck 5 

11 Rebuilding Deck 5 & Joint 1 (see footnote 1) 

12 Removing Deck 6 

13 Rebuilding Deck 6 & Joint 2 (see footnote 1) 

14 Removing Deck 7 

15 Rebuilding Deck 7 & Joint 3 (see footnote 1) 

16 Removing Deck 8 

17 Rebuilding Deck 8 & Joint 4 (see footnote 1) 

18–23 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(c) Options 3 and 4 (half-span replacement strategy) 
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Table 2.1(continued) Replacement options for bridge No.1 (Route 113/5 Separation Structure) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 

3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2a, 2b & Joint 2a, 2b 

5 Rebuilding Deck 2a, 2b (see footnote 1) 

6 Removing Deck 3 

7 Rebuilding Deck 3 & Joint 1 (see footnote 1) 

8 Removing Deck 4a, 4b 

9 Rebuilding Deck 4a, 4b & Joint 2a, 2b (see footnote 1) 

10–15 After deck replacement (t=5, 10, 20, 30, 40, 50 years) Long-term effects 

(d) Option 5 (negative-moment-region-first replacement strategy) 

Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage 

and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 

7 days after placement 
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2.3 Bridge No.2—S880/W237 Connector Separation (Bridge No. 37-

0570F) 
2.3.1 Bridge Geometry 

The second bridge selected for the study was the S880/W237 Connector Separation, which 

was constructed in 2001. The structure, which connected Interstate Freeway 880 to California State 

Route 237 in the city of Milpitas, California, was a curved three-span continuous bridge with a 

horizontal radius of 1164.7 feet. The structure, currently serving two lanes of southbound traffic, 

was supported by two twin-flared column bents as shown in the photograph in Figure 2.5. The plan 

view of the structure in Figure 2.6(a) shows the three span lengths of 124’-7”, 179’-10” and 154’-

9”. The box-girder was constructed of four cells, providing a total width of 58’-8”, as shown by 

the cross-section in Figure 2.6(b), and had a 9’-10” shoulder on either side. The super-elevation of 

the superstructure, which was 9%, had been incorporated in the finite element model for better 

accuracy of results. 
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459'-2" Mesured along "AS" Line 

124'-7" 154'-9" 
A 

A 

-9% 

Figure 2.5 S880/W237 Connector Separation (Bridge No. 37-0570F) 

179'-10" 

"AS" Line with R=1164'-7" 

Abutment 4 Abutment 1 
Bent 2 Bent 3 

(a) Plan 

58'-8" 
1'-9" 1'-9" 9'-10" 35'-4" 9'-10" 

Shoulder 
Two Lanes 

7'-1" 9" 
Shoulder 

1' 9" 

4'-9" 

Section A-A 

4'-9" 3' 9'-3" 9'-3" 3' 12'-4" 12'-4" 

(b) Cross-section 

Figure 2.6 Plan and cross-sectional views of bridge No.2 (S880/W237 Connector Separation) 
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2.3.2 Deck Replacement Options 
● Transverse Replacement Sequence 

The transverse replacement sequence for the S880/W237 Connector Separation was similar 

to the Route 113/5 Separation Structure as both structures were serving the same number of traffic 

lanes. Figure 2.7(a) shows the reference stage before deck replacement, while Figure 2.7(b) shows 

Stage 1, where the deck for the right lane, approximately two cells wide with a width of 28’-10”, 

was first removed together with the barrier. The removed deck was assumed to align with the right 

edge of the middle girder. A 2 feet wide K-rail, aimed to guide the left lane traffic, was placed on 

the old deck 6 inches away from the edge, as illustrated in Figure 2.7(b). In Stage 2, a new concrete 

deck for the right lane was cast after the removal of the old deck. The cantilever portion of the new 

deck was supported on falsework, similar to the first bridge, to cope with the vehicular loads when 

the completed right lane was opened to traffic. A 12-inch wide gap, which was assumed for the 

couplers, was used for subsequent connection of deck reinforcement. In Stage 3, the remaining 29’-

10” wide deck and the crash barrier were removed, and the K-rail was relocated to new deck. It 

was assumed that the K-rail could be positioned to the right-most interior girder and still provided 

sufficient width for one traffic lane. In Stage 4, new concrete was cast for the left lane, and the two 

new decks were formed by a cold joint with reinforcing bars connected by couplers. Stage 5 

corresponded to the final stage of transverse replacement, where the K-rail was removed and the 

original lane designation and barriers fully re-installed. 
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58'-8" 

1'-9" 1'-9" 9'-10" 9'-10" 35'-4" 

Shoulder 

Two Lanes 

Shoulder 

(a) The stage before deck replacement 

28'-10" 

1'-9" 25'-7" 27'-1" 1'-9" 2' 6" 

Removal of deck 
for right lane 

Krail 
Barrier 

(b) Stage 1 

Starter bars for 
lap-splice 

1'-9" 1'-9" 

New deck for 
right lane 

25'-7" 2' 6" 

Krail 

Barrier 

Gap 

Falsework 
support 

1' 

26'-1" 

(c) Stage 2 

Figure 2.7 Transverse replacement sequence for bridge No.2 (S880/W237 Connector Separation) 
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29'-10" 
1'-9" 1'-9" 

New right lane 
opened to traffic 

28'-1" 

Removal of deck 
for left lane 

1' 9'-10" 14'-3" 2' 

(d) Stage 3 

1'-9" 
New right lane 

opened to traffic 

New deck 
for left lane 

9'-10" 

Deck rebars connected 
by couplers 

30'-10" 2' 14'-3" 

(e) Stage 4 

58'-8" 
1'-9" 9'-10" 35'-4" 9'-10" 1'-9" 

Shoulder 

New deck with 
two lanes 

Shoulder 

Cold joint 

(f) Stage 5 

Figure 2.7(continued) Transverse replacement sequence for bridge No.2 

(S880/W237 Connector Separation) 
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● Longitudinal Replacement Sequence 

For the S880/W237 Connector Separation, two longitudinal replacement options were 

considered, and these options are shown in Figure 2.8. Option 1 was an “all-span replacement 

strategy,” and Option 2 was a “negative-moment-region-first replacement strategy.” These two 

options were similar to Options 1 and 5 of the first bridge, thus further details would not be 

presented here. In Option 2, the negative moment regions (over Bents 2 and 3) were given by 

0.25(𝐿1 + 𝐿2) and 0.25(𝐿2 + 𝐿3), respectively, where 𝐿1, 𝐿2 and 𝐿3 had been used to denote the 

length of Spans 1, 2 and 3. The corresponding positive moment regions were 0.75𝐿1, 0.5𝐿2 and 

0.75𝐿3, for Spans 1, 2 and 3 respectively. 
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Bent 3 

Bent 3 

Abutment 1 
Bent 2 

Abutment 4 

Deck 2 

Deck 1 
Joint 1 

(a) Option 1 

Abutment 1 
Bent 2 

Abutment 4 

0.75L1 0.25(L1+L2) 
0.5L2 0.25(L2+L3) 0.75L3 

Deck 4c 
Deck 4b 

Deck 1a Deck 1b 
Deck 2a 

Deck 2b 
Deck 2c Joint 2b 
Joint 2c Joint 2a 

Deck 4a 
Deck 3a 
Joint 1a Joint 1b 

Deck 3b 

(b) Option 2 

Figure 2.8 Longitudinal replacement sequences for bridge No.2 (S880/W237 Connector Separation) 
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 Combined Transverse and Longitudinal Sequences 

As noted before, the overall replacement options were a combination of transverse and 

longitudinal replacement sequences. Table 2.2 summarizes the two overall replacement options for 

the S880/W237 Connector Separation. Option 1 had a total of 11 stages and was the same as Option 

1 of the Route 113/5 Separation Structure (the first bridge). In Option 2, i.e., “negative-moment-

region-first replacement strategy,” deck replacement started in the negative bending moment 

region, followed by deck replacement in the positive bending moment region. Table 2.2(b) 

summarizes the 15 stages for Option 2. As noted previously for the first bridge, deck portions with 

the same number but different appended letters were to be removed or reconstructed simultaneously. 

For example, Decks 1a and 1b, or Joints 1a and 1b, were to be removed and rebuilt simultaneously. 
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Table 2.2 Two replacement options for bridge No.2 (S880/W237 Connector Separation) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2 

5 Rebuilding Deck 2 & Joint 2 (see footnote 1) 

6–11 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(a) Option 1 (all-span replacement strategy) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1a, 1b & Joint 1a, 1b 

Deck replacement procedures 

3 Rebuilding Deck 1a,1b (see footnote 1) 

4 Removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 

5 Rebuilding Deck 2a, 2b, 2c (see footnote 1) 

6 Removing Deck 3a, 3b 

7 
Rebuilding Deck 3a, 3b & Joint 1a, 1b (see 

footnote 1) 

8 Removing Deck 4a, 4b, 4c 

9 
Rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c (see 

footnote 1) 

10–15 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(b) Option 2 (negative-moment-region-first replacement strategy) 

Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage 

and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 

7 days after placement 
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2.4 Bridge No.3—26th Street Undercrossing (Bridge No. 24-223 R/L) 
2.4.1 Bridge Geometry 

The third bridge in the study was the 26th Street Undercrossing in Sacramento, California. 

The undercrossing, which served the traffic on US Route 50, consisted of a northern structure 

carrying three westbound lanes and two merging lanes and a southern structure carrying four 

eastbound lanes. As the northern and southern structures were similar, this study investigated only 

the deck replacement for the northern structure. A photograph of the northern structure of the 

undercrossing is shown in Figure 2.9. 

Both the merging and main westbound spans of the northern structure of the 26th Street 

Undercrossing had a length of 120 feet. Figures 2.10(a) and (b) show the plan view and the cross-

section of the structure. The merging structure was constructed of five cells box-girder, serving two 

traffic lanes merging into Route US 50 and one 8 feet shoulder on the left. The westbound structure 

had a total of nine cells, serving three traffic lanes and 10 feet shoulder on the left and 8 feet 

shoulder on the right. A reinforced concrete slab of changing width connected the merging structure 

and the westbound structure. Note that the total width of the northern structure exceeded 100 feet, 

giving the structure a span-to-width ratio of 1.2, which was typical of on-off ramps and separation 

structures. 
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Figure 2.9 26th Street Undercrossing (Bridge No. 24-223R/L) 

120' 
A 

Merging Structure 

Westbound Structure 

37' 

Varies 

67' 

Abutment 1 A Abutment 2 

(a) Plan 

Varies 
37' 67' 

Varies 1' 1' 8' 28' 10' 48' 8' 
Two merging lanes Three westbound lanes in Highway 50 

4@7'=28'-0" 

6.25" 

6" 

-2% -2% 1' 

10" 4'-9" 

1'-3" 1'-3" 

4@7'=28'-0" 
2'-8" 

Connecting slab 

1" Gap 

2'-6" 3'-5" Varies 3'-5"2'-8"2'-6" 
Section A-A 

(b) Cross-section 

Figure 2.10 Plan and cross-sectional views of bridge No. 3 (26th Street Undercrossing) 
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2.4.2 Deck Replacement Option 
● Transverse Replacement Sequence 

The approach to deck replacement in this simply-supported bridge was similar to that of the 

previous two bridges in the transverse direction. The entire deck was replaced transversely in stages 

from one side to the other side, employing K-rails for re-routing as well as falsework inside the cell 

to support newly constructed slabs. Figure 2.11(a) shows the reference stage of the structure before 

replacement. Note that the merging structure was 37 feet wide and the westbound structure was 67 

feet wide. 

In Stage 1 replacement, it was proposed that the deck serving the left lane of the merging 

structure be replaced first. The width of the deck to be replaced was approximately three-cell wide, 

or a width of 21’-7”, and a cut was made to the left of a middle girder as shown in Figure 2.11(b). 

The 2 feet wide K-rail was assumed to be placed 6 in from the left edge of the existing deck of the 

merging structure. In Stage 2, falsework was used to support the newly cast deck and a 12 in wide 

gap was similarly used for the starter bars as shown in Figure 2.11(c). In Stage 3, deck removal 

continued on to the remaining cells of the merging structure. The connecting slab between the 

merging structure and westbound structure would also be removed at this stage. In Stage 4, a new 

concrete deck was cast for the right lane of the merging structure with a cold joint. Deck 

replacement of the westbound structure started in Stage 5, where the 28 feet wide deck spanning 

over four cells would be removed. In Stage 6, a new deck was cast with a similar 12 inches gap 

provided for subsequent connection. Stages 7 to 10 in Figures 2.11(h)–(k) represented deck 

removal and reconstruction in the remaining cells of the westbound structure. In Stage 11, the 

connecting slab between the merging structure and the westbound structure was cast, while in Stage 

12, all K-rails were removed fully recovering the two merging lanes and three westbound lanes as 

intended. 
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1' 8' 
37' 

28' 
Two merging lanes 

-2% 

Varies 
67' 

Varies 
10' 48' 

Three westbound lanes in Highway 50 
1'-3" 1'-3" -2% Connecting slab 

8' 1' 

(a) Stage before deck replacement 

1' 
37' 

6" 2' 
21'-7" 12' 

Removal of deck K-rail 

Varies 
67' 

Three westbound lanes in Highway 50 

Barrier 

(b) Stage 1 

37' 
1' 2' 

21'-7" 
6" 

New concrete ① Gap 

12' 

Varies 
67' 

Three westbound lanes in Highway 50 

Falsework support 

(c) Stage 2 

Varies 
37' 

1' 2' 5' 1' 13'-7" 14'-5" 
New lane opened 

to traffic Removal of deck 

67' 

Three Westbound Lanes in Highway 50 

(d) Stage 3 

Varies 
37' 

2' 5' 1'-3" 1' 2' 
13'-7" 15'-5" 

New lane opened New concrete ② 
Cold joint to traffic 

67' 
64'-5" 1' 

(e) Stage 4 

Figure 2.11 Transverse replacement sequence for bridge No.3 (26th Street Undercrossing) 
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Varies 
37' 67' 

1' 34' 2' 28'-11.90" 2' 34'-11" 1' 
Two new merging lanes 

opened to traffic Removal of deck 
6" 

(f) Stage 5 

Varies 
37' 67' 

1' 34' 2' 28' 1' 2' 
34'-11' 1' 

Two new merging lanes 
opened to traffic New concrete ③ 

6' 
Gap 

(g) Stage 6 

37' 
Varies 

67' 
1' 34' 

Two new merging lanes 
opened to traffic 

2' 2' 2'4'-10" 18'-9" 14'-6" 
1' New westbound lane 

Gap 
open to traffic Removal of deck 

22'-11" 1' 

(h) Stage 7 

1' 
37' 
34' 

Two new merging lanes 
opened to traffic 

Varies 
67' 

2' 2' 2' 4'-10" 1' 2' 
18'-9" 14'-6" 

New westbound lane 6" 
New concrete ④ Gap 

open to traffic 

20'-5" 1' 

(i) Stage 8 

1' 
37' 
34' 

Two new merging lanes 
opened to traffic 

Varies 

2' 2' 
67' 

2' 1' 
33'-3" 

Two new westbound lanes 4'-10' 
open to traffic 

23'-11" 

Removal of deck 

(j) Stage 9 

Figure 2.11(continued) Transverse replacement sequence for bridge No.3 (26th Street Undercrossing) 
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Varies 
37' 67' 

2' 2' 1' 2' 34' 33'-3" 24'-11' 
Two new merging lanes Two new westbound lanes 4'-10' 

open to traffic New concrete ⑤ opened to traffic 

(k) Stage 10 

Varies 
37' 67' 

2' 2' 1' 1' 34' 64' 
Two new merging lanes New concrete ⑥ 

opened to traffic Three new westbound lanes opened to traffic 

(l) Stage 11 

Varies 
37' 67' 

1' 1' 36' 66' 

New deck with two merging lanes New deck with three westbound lanes New connecting slab 

(m) Stage 12 

Figure 2.11(continued) Transverse replacement sequence for bridge No.3 (26th Street Undercrossing) 
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● Longitudinal Replacement Sequences 

Considering the relatively short span of the 26th Street Undercrossing, the “all-span 

replacement strategy” was deemed appropriate in the longitudinal direction. This meant deck 

removal and reconstruction would be executed for the entire 120 feet span, as illustrated in Figure 

2.12. 

● Combined Transverse and Longitudinal Sequences 

Since only one longitudinal replacement sequence was considered for the 26th Street 

Undercrossing, the overall replacement option was relatively simple, which essentially followed 

that of the transverse replacement sequence. Table 2.3 summarizes the replacement options for the 

northern structure of the undercrossing. 
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Abutment 1 Abutment 2 

Deck 1 

Deck 2 

Deck 3 

Deck 4 

Deck 5 

Joint 1 

Joint 2 

Joint 3 

Connecting slab 

Figure 2.12 Longitudinal replacement sequence for bridge No.3 (26th Street Undercrossing) 

Table 2.3 Replacement option for bridge No. 3 (26th Street Undercrossing) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 

3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2 & Connecting Slab 

5 Rebuilding Deck 2 (see footnote 1) 

6 Removing Deck 3 & Joint 2 

7 Rebuilding Deck 3 (see footnote 1) 

8 Removing Deck 4 & Joint 3 

9 Rebuilding Deck 4 & Joint 2 (see footnote 1) 

10 Removing Deck 5 

11 Rebuilding Deck 5 & Joint 3 (see footnote 1) 

12 Rebuilding Connecting Slab 

13–18 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage 

and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 

7 days after placement 
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Bridge No.4—Pioneer Avenue Undercrossing (Bridge No. 22-169 

R/L) 
2.4.3 Bridge Geometry 

The fourth bridge in the study was the Pioneer Avenue Undercrossing in Woodland, CA. The 

bridge was constructed in the mid-1970s as part of the development of the Interstate 5 Freeway 

system. The bridge was a three-span continuous skewed bridge, as seen in the photograph in Figure 

2.13. It should be noted that the flared columns was integrally connected to the superstructure and 

had been modeled as such in the finite element model. 

The Pioneer Avenue Undercrossing had span lengths of 51, 132 and 51 feet and a significant 

skew angle of 59°24’28”, as shown in the plan in Figure 2.14(a). The width of the box-girder was 

41 feet, designed to accommodate two northbound lanes and a 5 feet shoulder on the left and 10 

feet shoulder on the right. The cross-section of the structure is shown in Figure 2.14(b). 
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Figure 2.13 Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 

Bent 2 Bent 3 Abutment 4 

A 

A 

51' 132' 51' 

41' 

Skew=59°24'28" 

Abutment 1 

(a) Plan 

41' 
5' 10' 24' 

6.5" 

5.5" 

11" 

4" Fillets 

Two lanes Shoulder Shoulder 

6' 

1' 1' 

7" 

(b) Cross-section 

Figure 2.14 Plan and cross-sectional views of bridge No.4 (Pioneer Avenue Undercrossing) 
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2.4.4 Deck Replacement Options 
● Transverse Replacement Sequence 

Unlike the previous three bridges where only one transverse replacement sequence was 

proposed, two transverse replacement sequences were considered for the Pioneer Avenue 

Undercrossing because of the skew. The first transverse replacement sequence followed the 

transverse sequence of the first and second bridges, and the transverse replacement sequence is 

shown in Figures 2.15(a)–(f). In essence, the deck on the two right cells were first removed and 

replaced, followed by the left two cells. On the other hand, the second transverse replacement 

sequence, which is shown in Figures 2.16(a)–(f), was the “reverse” of the first sequence where 

deck replacement proceeded from the two left cells and followed by removal and replacement on 

the two right cells. The reversed transverse replacement sequence was proposed to investigate the 

potential effects of the skew (59°24’28”) on the bridge deflection and the stresses in the box-girder. 

The use of K-rails for lane routing, internal falsework support for the new deck, as well as the 

provision of gaps for rebar couplers were similar to the previous three bridges. 
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1' 1' 
41' 

Two lanes Shoulder Shoulder 

5' 10' 24' 

(a) The stage before deck replacement 

1' 19' 2' 17'-6" 1' 
20' 21' 

Removal of deck for 
right lane Barrier K-rail 

6" 

(b) Stage 1 

19' 

Gap 
Starter bars 
for lap-splice 

Falsework 
support 

New Deck for right lane 

2' 
17'-6" 1' 6" 

1' 

(c) Stage 2 

Figure 2.15 The first transverse replacement sequence of 

bridge No.4 (Pioneer Avenue Undercrossing) 

44 



 

 

   

 

   

 

   

         

     

 

 

 

 

 

 

 

 

 

     
  

   

 
  

  
  

  
  

 

    

1' 20' 1' 2' 12' 1' 
21' 

Removal of deck for left lane 
New right lane 

opened to traffic 

4' 

(d) Stage 3 

22' 12' 1' 
New Deck 
for left lane 

New right lane 
opened to traffic 

Deck rebars connected 
by couplers 

4' 2' 

(e) Stage 4 

Cold joint 

1' 10' 24' 5' 1' 
41' 

New deck with 2 lanes Shoulder Shoulder 

(f) Stage 5 

Figure 2.15(continued) The first transverse replacement sequence of 

bridge No.4 (Pioneer Avenue Undercrossing) 
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41' 
1' 1' 5' 24' 10' 

Shoulder Two lanes Shoulder 

(a) The stage before deck replacement 

2' 19' 17'-6" 
6" 

(b) Stage 1 

2' 1' 18' 17'-6" 
6" 

(c) Stage 2 

21' 
2' 1' 20' 12' 4' 

(d) Stage 3 

2' 
12' 4' 22' 

(e) Stage 4 

Figure 2.16 The second transverse replacement sequence of 

bridge No.4 (Pioneer Avenue Undercrossing) 
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(f) Stage 5 

Figure 2.16(continued) The second transverse replacement sequence of 

bridge No.4 (Pioneer Avenue Undercrossing) 
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● Longitudinal Replacement Sequences 

For the Pioneer Avenue Undercrossing, four longitudinal replacement sequences were 

proposed as shown in Figures 2.17(a)–(d). The first three options were similar to that of the second 

bridge and used the first transverse replacement sequence. Option 1 corresponded to the “all-span 

replacement strategy,” while Option 2 corresponded to the “positive-moment-region-first 

replacement strategy,” and Option 3 was the “negative-moment-region-first replacement strategy.” 

On the other hand, Option 4 followed the second (reverse) set of transverse replacement sequence, 

as shown in Figure 2.17(d). Option 4 also adopted a “negative-moment-region-first replacement 

strategy,” which would permit a comparison with Option 3 for the effects of skew in the bridge. 
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Abutment 1 Bent 2 Bent 3 Abutment 4 

Deck 2 

Deck 1 
Joint 1 

(a) Option 1 

Abutment 1 Bent 2 Bent 3 Abutment 4 

Deck 3 

Deck 1 
Joint 1 

Deck 2a Deck 2b 

Deck 4a Deck 4b 
Joint 2a Joint 2b 

(b) Option 2 

Abutment 1 Bent 2 Bent 3 Abutment 4 

Deck 4 

Deck 2 
Joint 2 

Deck 1a Deck 1b 

Deck 3a Deck 3b 
Joint 1a Joint 1b 

(c) Option 3 

Abutment 1 Bent 2 Bent 3 Abutment 4 

Deck 2 

Deck 4 
Joint 2 

Deck 3a Deck 3b 

Deck 1a Deck 1b 
Joint 1a Joint 1b 

(d) Option 4 

Figure 2.17 Longitudinal replacement sequences of bridge No. 4 (Pioneer Avenue Undercrossing) 
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 Combined Transverse and Longitudinal Sequences 

Operational stages were presented in Table 2.4 for the Pioneer Avenue Undercrossing. There 

were a total of 11 stages in Option 1, and these stages were the same as in Option 1 of the first and 

second bridges. In Option 2, which represented the “positive-moment-region-first replacement 

strategy,” the number of stages increased to 15, as shown in Table 2.4(b). Options 3 and 4, both of 

which adopted the “half-span replacement strategy,” had 15 stages. Note that interchanging Deck 

1a with Deck 3a, and Deck 1b with Deck 3b, and Deck 2 with Deck 4 in Option 3 would result in 

Option 4. 
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Table 2.4 Four replacement options for bridge No.4 (Pioneer Avenue Undercrossing) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2 

5 Rebuilding Deck 2 & Joint 2 (see footnote 1) 

6–11 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(a) Option 1 (all-span replacement strategy) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1 & Joint 1 

Deck replacement procedures 

3 Rebuilding Deck 1 (see footnote 1) 

4 Removing Deck 2a, 2b & Joint 2a, 2b 

5 Rebuilding Deck 2a, 2b (see footnote 1) 

6 Removing Deck 3 

7 Rebuilding Deck 3 & Joint 1 (see footnote 1) 

8 Removing Deck 4a, 4b 

9 
Rebuilding Deck 4a, 4b & Joint 2a, 2b (see footnote 

1) 

10–15 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(b) Option 2 (positive-moment-region-first replacement strategy) 
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Table 2.4(continued) Four replacement options for bridge No.4 (Pioneer Avenue Undercrossing) 

Stage number Operations Notes 

1 Before deck replacement Reference stage 

2 Removing Deck 1a, 1b & Joint 1a, 1b 

Deck replacement procedures 

3 Rebuilding Deck 1a, 1b (see footnote 1) 

4 Removing Deck 2 & Joint 2 

5 Rebuilding Deck 2 (see footnote 1) 

6 Removing Deck 3a, 3b 

7 
Rebuilding Deck 3a, 3b & Joint 1a, 1b (see footnote 

1) 

8 Removing Deck 4 

9 Rebuilding Deck 4 & Joint 2 (see footnote 1) 

10–15 
After deck replacement (t=5, 10, 20, 30, 40, 50 

years) 
Long-term effects 

(c) Options 3 and 4 (negative-moment-region-first replacement strategy) 

Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage 

and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 

7 days after placement 
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Charpter 3  

Finite Element Models 

3.1 Preliminary  

This chapter presents the details of the finite element models for the four selected bridges in 

this project. The “staged construction” feature in CSiBridge (2017) was used to simulate the 

temporal sequence of deck removal and reconstruction. Time-dependent properties of concrete and 

steel were incorporated into the model. The AASHTO HL-93 vehicular load, also available in 

CSiBridge (2017), was used for the live load effects. The specifics of the AASHTO HL-93 

vehicular loads are shown in Figure 3.1. Since bridges are expected to be continuously opened to 

traffic during deck replacement, albeit a reduced number of lanes, live load analyses were carried 

out at all stages of the construction as changes do occur in the state of the bridge during removal 

and replacement.  

 

32 kip 32 kip 25 kip 25 kip 

8 kip 

0.64 kip/ft 

14 ft 

0.64 kip/ft 

14 ft ~30 ft 4 ft  

(a) HL93K—design truck with lane load   (b) HL93M—design tandem with lane load 

28.8 kip 28.8 kip 28.8 kip 28.8 kip 

7.2 kip 7.2 kip 

0.576 kip/ft 

14 ft 14 ft ≥50 ft 14 ft 14 ft  

(c) HL93L—dual trucks 

Figure 3.1 Axle loads for AASHTO HL-93 design vehicular live loads 
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3.2 Time-Dependent Properties 
Table 3.1 lists the parameters and their values for the time-dependent properties of the concrete 

used in the finite element model of the bridge, and these parameters have been selected according 

to CEB-FIP Model Code 1990 [13]. Specifically, a cement-type coefficient of 0.25 and a shrinkage 

coefficient of 5 were used for the four bridges, and these values were deemed appropriate for 

concrete with normal and rapid-hardening cement. Ten-year metrological data, recorded in 

Woodland, California, from 2007 to 2017, revealed an average daily relative humidity of 59%. In 

this study, however, a relative humidity of 50% was assumed to be appropriate for all four 

bridges. The notional size list in 

Table 3.1, which is defined by ℎ = 2𝐴/𝑃, where 𝐴 is the cross-sectional area and 𝑃 is the 

perimeter of the cross-section, was automatically computed by CSiBridge (2017) after the 

geometry of the cross-section has been defined. 

Table 3.1 Time-dependent parameters in CSiBridge (2017) for the four selected bridges 

Parameters Bridge No.1 Bridge No.2 Bridge No.3 Bridge No.4 

Cement-type coefficient 0.25 0.25 0.25 0.25 

Relative humidity (%) 50 50 50 50 

Notional size of box-girder ℎ (feet) 0.77 0.84 0.64 0.75 

Shrinkage coefficient 5 5 5 5 

Shrinkage start age (days) 0 0 0 0 
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3.3 Finite Element Models for Selected Bridges 
Different types of elements were specified for different parts of the bridge, namely, thick shell 

elements for the box-girder and diaphragms, built-in tendon elements for the prestressing steel, 

frame elements with varying sectional properties for the columns, and link elements for the support 

bearings and foundations. 

3.3.1 Route 113/5 Separation Structure 
Figure 3.2 shows the final finite element model for the Route 113/5 Separation Structure. The 

superstructure was assumed to be pin-supported at the left abutment and roller-supported at the 

right abutment. The middle bent was assumed to be rigidly connected to the superstructure and pin-

supported at the base. Since the column flare for the middle bent was not shown to be integrally 

connected to the superstructure in the drawings, the finite element model assumed a constant cross-

section for the middle bent even though the actual cross-section varied in the upper region. The 

finite element model also assumed that the middle bent was non-skewed to the bridge axis. 

Figure 3.3 shows a screenshot of the prestressing tendons in the Route 113/5 Separation 

Structure. Each of the five girders was assumed to be post-tensioned by a jacking force of 3260 

kips, as stated on the as-built drawings. The prestressing tendons were parabolically-shaped and 

assumed to be stressed from both ends. Parameters for prestressing losses are listed in Table 3.2. It 

should be noted that the loss parameters for elastic shortening, creep and shrinkage, and steel 

relaxation had all been set to zero since the program automatically computed these losses when the 

tendon was modeled using the strategy of “model as element” in CSiBridge (2017). 
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(a) 3D view 

(b) Plan view 

(c) Elevation view 

Figure 3.2 Finite element model of bridge No.1 (Route 113/5 Separation Structure) 

Figure 3.3 Prestressing tendons in finite element model of bridge No.1 (Route 113/5 Separation Structure) 

Table 3.2 Prestressing loss parameters of bridge No.1 (Route 113/5 Separation Structure) 

Prestressing 

loss type 

Instantaneous losses Time-dependent losses 

Curvature 

coefficient 

Wobble 

coefficient 

(/ft) 

Anchorage 

set slip (in) 

Elastic 

shortening 

stress (ksf) 

Creep 

(ksf) 

Shrinkage 

(ksf) 

Steel 

relaxation 

(ksf) 

Value 0.2 0.0002 0.375 0 0 0 0 
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3.3.2 S880/W237 Connector Separation 
Figure 3.4 shows the final finite element model for the S880/W237 Connector Separation. 

Similar to the first bridge, the superstructure was assumed to be pin-supported at the left abutment 

and roller-supported at the right abutment. The bridge was supported by two twin-column bents, 

which were assumed to be pin-supported at their bases. Although the actual columns had a varying 

cross-section in the upper region, the finite element assumed a constant cross-section since the 

column flare was not integrally connected to the superstructure. Parabolically-shaped prestressing 

tendons were assumed in the girders, as shown in Figure 3.5, with each tendon providing a jacking 

force of 2363 kips. Tendons were assumed to be tensioned only from the right end, as stated on the 

drawings. Parameters for prestressing losses were listed in Table 3.3. Similar to the previous Route 

113/5 Separation Structure, parameters for losses due to elastic shortening, creep and shrinkage, 

and steel relaxation had all been set at zero as the tendons were modeled as “element” in the 

program. 
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(a) 3D view 

(b) Plan view 

(c) Elevation view 

Figure 3.4 Finite element model of bridge No.2 (S880/W237 Connector Separation) 

Figure 3.5 Prestressing tendons in finite element model of bridge No.2 (S880/W237 Connector 

Separation) 

Table 3.3 Prestressing loss parameters of bridge No.2 (S880/W237 Connector Separation) 

Prestressing 

loss type 

Instantaneous Losses Time-dependent Losses 

Curvature 

coefficient 

Wobble 

Coefficient 

(/ft) 

Anchorage 

set slip 

(mm) 

Elastic 

shortening 

stress (ksf) 

Creep 

(ksf) 

Shrinkage 

(ksf) 

Steel 

relaxation 

(ksf) 

Value 0.2 0.0002 10 0 0 0 0 

58 



 

    

               

              

                

      

            

                 

                 

   

 

 

            

 

 

3.3.3 26th Street Undercrossing 
Figure 3.6 shows the final finite element model for the 26th Street Undercrossing, where the 

cross-section was divided into exterior girders, interior girders, and median “A” girder. The left 

abutment (see plan view in Figure 3.7) was assumed to be pin-supported while the right abutment 

was assumed to be roller-supported. 

Figure 3.8 provides a screenshot of the prestressing tendon layout. Sixteen prestressing 

tendons were used with each tendon assumed to be jacked from both ends. Table 3.4 lists the 

magnitudes of the jacking forces in the girders while Table 3.5 lists the assumed values for the 

prestressing loss parameters. 

Figure 3.6 Different types of girders in bridge No.3 (26th Street Undercrossing) 
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(a) 3D view 

(b) Plan view 

(c) Elevation view 

Figure 3.7 Finite element model of bridge No.3 (26th Street Undercrossing) 
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Figure 3.8 Prestressing tendons in finite element model of bridge No.3 (26th Street Undercrossing) 

Table 3.4 Jacking forces for three types of girders in bridge No.3 (26th Street Undercrossing) 

Girder type Median “A” girder Interior girder Exterior girder 

Target prestressing force (kips) 1210 1131 800 

Jacking force (kips) 1322.5 1242 903.5 

Table 3.5 Prestressing loss parameters of bridge No.3 (26th Street Undercrossing) 

Prestressing 

loss type 

Instantaneous losses Time-dependent losses 

Curvature 

coefficient 

Wobble 

coefficient 

(/ft) 

Anchorage 

set slip (in) 

Elastic 

shortening 

stress (ksf) 

Creep 

(ksf) 

Shrinkage 

(ksf) 

Steel 

relaxation 

(ksf) 

Value 0.2 0.002 0.375 0 0 0 0 
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3.3.4 Pioneer Avenue Undercrossing 
Figure 3.9 shows the final finite element model for the Pioneer Avenue Undercrossing, where 

the left abutment was assumed to be pin-supported and the right abutment roller-supported. The 

two twin-column bents were assumed to be rigidly connected to the superstructure at the top and 

pin-supported at the base. Note that the flare columns were in this case integrally connected to the 

superstructure (different from the first two bridges) and the fixity had been modeled as such in the 

finite element model. 

Figure 3.10 shows five parabolically-shaped prestressing tendons in the superstructure; each 

girder being provided by a jacking force of 1180 kips. Tendons were assumed to be jacked from 

the right end only as stated on the drawings. Parameters for estimating the prestressing losses are 

listed in Table 3.6. Similar to the other three bridges, loss parameters associated with elastic 

shortening, creep and shrinkage, and steel relaxation are all set at zero as the tendon has been 

modeled as “elements” in CSiBridge (2017). 
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(a) 3D view 

(b) Plan view 

(c) Elevation view 

Figure 3.9 Finite element model of bridge No.4 (Pioneer Avenue Undercrossing) 

Figure 3.10 Prestressing tendons of bridge No.4 (Pioneer Avenue Undercrossing) 

Table 3.6 Prestressing loss parameters of bridge No.4 (Pioneer Avenue Undercrossing) 

Prestressing 

loss type 

Instantaneous losses Time-dependent losses 

Curvature 

coefficient 

Wobble 

coefficient 

(/ft) 

Anchorage 

set slip 

(in) 

Elastic 

Shortening 

Stress (ksf) 

Creep 

(ksf) 

Shrinkage 

(ksf) 

Steel relaxation 

(ksf) 

Value 0.25 0.0002 0.625 0 0 0 0 
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3.4 Girder Stresses and Deflections 
3.4.1 Stress Extraction 

Stresses at critical sections were extracted for comparison, and these critical sections are 

shown in Figure 3.11. As sections at mid-span and over the bent were expected to experience the 

largest tensile/compressive stresses under dead and live loads, these sections were typically 

selected for stress extraction. For straight bridges, i.e. the Route 113/5 Separation Structure and the 

26th Street Undercrossing, stresses normal to the section were extracted, whereas for the skewed 

bridge, i.e., the Pioneer Avenue Undercrossing, stresses in the direction of the bridge axis were 

extracted instead of the stresses that were normal to the skewed section. In the case of the 

S880/W237 Connector Separation, stresses normal to the section at 0.4𝐿 instead of mid-span in the 

end-spans were selected for examination, where 𝐿 corresponded to the span length. 

In each of the critical sections, stresses were extracted for the top and bottom fibers, and at 

the intersection between the deck and web, as identified in Figure 3.12. These top and bottom fibers 

were expected to experience the largest compressive or tensile stress when the full cross-section 

was involved, but upon deck removal, the top of the web, which was identified as the intersection 

between the deck and web in Figure 3.12, became critical and hence this location was selected for 

stress examination. Stress envelopes in these sections will be presented in Chapter 4. Sectional 

distribution of stresses is plotted for all four bridges for each of the deck replacement options in 

the Appendices C–F of this report. 
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(a) Bridge No.1 (Route 113/5 Separation Structure) 

(b) Bridge No.2 (S880/W237 Connector Separation) 

(c) Bridge No.3 (26th Street Undercrossing) 

(d) Bridge No.4 (Pioneer Avenue Undercrossing) 

Figure 3.11 Critical sections in selected bridges for stress extraction 
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Figure 3.12 Stress extraction nodes in critical section 
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3.4.2 Girder Deflection Extraction 
Since elements representing the deck in the finite element model were constantly being 

removed and reinstated by the program to simulate the sequence of deck replacement, a convenient 

point for extracting the girder deflection was not at the top of the deck but rather at the top of the 

web. Locations for extraction of girder deflection are shown in Figures 3.13(a)–(d) for all four 

structures. Girder deflections are presented as envelopes in Chapter 4 while transient deflections 

for all replacement options are presented in the Appendices C–F of this report. 
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(a) Bridge No.1 (Route 113/5 Separation Structure) 

(b) Bridge No.2 (S880/W237 Connector Separation) 

Figure 3.13 Deflection extraction nodes in selected bridges 
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(c) Bridge No.3 (26th Street Undercrossing) 

(d) Bridge No.4 (Pioneer Avenue Undercrossing) 

Figure 3.13(continued) Deflection extraction nodes in selected bridges 
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Charpter 4 

Analysis Results 
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The second stage, denoted as “During Deck Replacement,” represented the transient deck 

replacement process where multiple stages of deck removal and rebuilding were instituted. For 

example, the ”During Deck Replacement” stage in Option 1 would consist of four construction 

stages: removal of Deck 1 and Joint, rebuilding of Deck 1, removal of Deck 2, and rebuilding of 

Deck 2 and Joint, as discussed previously in Table 2.1(a). In Options 2 and 5, the number of stages 

in the ”During Deck Replacement” stage was increased to 8, with Stages 2–9 listed in Table 2.1(b) 

and (d). In Options 3 and 4, the ”During Deck Replacement” stage ended up with a total of 16 

stages, where Stages 2–17 were listed in Table 2.1(c). It should be noted that some of the critical 

stresses observed in the “During Deck Replacement” stage occurred in the old deck that would be 

removed later in subsequent stages. It was therefore more appropriate to pay attention to the critical 

stresses in the post-replacement stages rather than in the “During Deck Replacement” stage. 

The stage denoted as “Immediately after Deck Replacement” referred to the stage immediately 

after deck replacement, i.e., when all decks had been replaced. For example, “Immediately after 

Deck Replacement” would correspond to Stage 5 in Option 1 in Table 2.1(a) and to Stage 9 in 

Option 2 in Table 2.1(b). This replacement stage therefore reflected the state of the bridge 

immediately after all deck replacement and could be compared with the initial (reference) stage to 

assess the magnitude of the stress redistribution in the top and bottom fibers, and at the top of the 

webs during deck replacement. In-service stages, denoted by “5 years after”, “20 years after” and 

“50 years after”, corresponded to the stress envelopes after the corresponding year of services. 

In the initial (reference) stage in Figure 4.1(a), the top fiber was subjected to compression for 

all three critical (mid-spans and over the bent) sections. During deck replacement, the top fiber 

experiences compression relief in these three sections with the top fiber in Bent 2 experiencing a 

net tension stress that exceeds the AASHTO tensile limit of 0.41 ksi. Under long-term conditions, 
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the tension in the top fiber increased significantly within the first five years of service. The top 

fiber tension exceeded the AASHTO tensile stress limits after 50 years for all three sections. The 

large tension arose since no pre-compression was being provided in the new deck. Note that the 

maximum compression in the top fiber was within the AASHTO compressive limit of 2.82 ksi for 

all three sections during and after deck replacement as well as after 50 years of service. 

For the bottom fiber, stresses showed a similar range for the three sections in the initial stage, 

as can be seen in Figure 4.1(b). During deck replacement, and in the long term, the bottom fiber 

over Bent 2 experienced larger compression while the stress ranges at the two mid-spans remained 

nearly invariant. At mid-span, the reduction in the cross-section upon removal of the old deck first 

resulted in an increased compressive stress due to locked-in pre-compression but subsequent 

addition of a new deck induced tension in the bottom fiber due to the increased positive bending 

moment. Thus the increased compression at mid-span during deck removal and the increased 

tension upon new deck addition were counteracting, rendering the stress ranges for bottom fiber 

almost unchanged. However, for the section over Bent 2, the bottom fiber experienced an increase 

in compression due to section reduction during deck removal and increased negative bending 

moment after casting of the new deck. The net result was a significant increase in the compression 

of the bottom fiber over Bent 2. Note that stresses in the bottom fiber of all three sections remained 

within the AASHTO compressive and tensile stress limits during deck replacement and long-term 

service. This, however, could not be said for the top fiber as its tension exceeded the AASHTO 

tensile stress limit indicating that the top fiber was more critical than the bottom fiber, and the top 

fiber would dictate the feasibility of deck replacement in post-tensioned box-girder bridges. 

Figure 4.1(c) shows significant tension being developed at the top of the web over Bent 2 

as well as significant compression being developed at mid-span. The increased compression at mid-
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span resulted from the reduction in cross-sectional area after deck removal and from the positive 

mid-span bending moment after casting of the new deck. 

The trend of stress redistribution in the top and bottom fibers and at the top of the web was 

similarly observed in Option 2, as can be seen in Figure 4.2, and in Option 5 in Figure 4.5. In 

Options 3 and 4, the top of the web stresses at mid-span indicated a greater compression compared 

with Options 1, 2 and 5 (Figure 4.3(c) and Figure 4.4(c) versus Figures 4.1(c), 4.2(c) and 4.5(c)) 

despite a smaller portion of the deck being removed and replaced at each stage. The larger number 

of replacement stages in Options 3 and 4 exhibited a tendency to accumulate the compressive stress 

despite a small portion of the deck being replaced each time. 
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Stage 

(b) Bottom fiber stresses 

Figure 4.1 Stresses in Option 1 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.1(continued) Stresses in Option 1 for bridge No.1 (Route 113/5 Separation Structure) 

75 



 

 

    

 

    

             

  

    
  
    

   
  

  
  

  
  

  
  

 
 

 

 

    

    

 
 

 

  
  

  
  

    
  

 
  

  

    
  
    

     

    

Before Deck

Midspan of Span 1
Bent 2
Midspan of Span 2

During Deck Immediately 5 years 20 years 50 years

Top Fiber

Compressive Stress Limit 2.82 ksi

Tensile Stress Limit 0.41 ksi

50 years20 yearsDuring Deck 5 yearsImmediatelyBefore Deck

Midspan of Span 1
Bent 2
Midspan of Span 2

Bottom Fiber Compressive Stress Limit 2.82 ksi

Tensile Stress Limit 0.41 ksi

B
ot

to
m

 F
ib

er
 S

tr
es

se
s (

k
si

) 
T

op
 F

ib
er

 S
tr

es
se

s (
ks

i)
 

5.5 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 

-0.5 
-1.0 
-1.5 
-2.0 
-2.5 

= 

= 

Replacement Replacement after Deck after after after 
Replacement 

Stage 

(a) Top fiber stresses 

5.5 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 

= 

= 

Replacement Replacement after Deck after after after 
Replacement 

Stage 

(b) Bottom fiber stresses 

Figure 4.2 Stresses in Option 2 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.2(continued) Stresses in Option 2 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.3 Stresses in Option 3 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.3(continued) Stresses in Option 3 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.4 Stresses in Option 4 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.4(continued) Stresses in Option 4 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.5 Stresses in Option 5 for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.5(continued) Stresses in Option 5 for bridge No.1 (Route 113/5 Separation Structure) 
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4.2.2 Girder Deflections 
Figures 4.6(a)–(e) show the girder deflection envelopes for the Route 113/5 Separation 

Structure for all five replacement options. The deflection envelope corresponded to the largest 

deflection in all three spans. In these figures, a positive y-value represents an upward deflection 

and vice-versa. A live load deflection limit of 3.15 inches was also plotted for comparison with the 

computed girder deflection. The deflection limit was based on 1/800 of the span length, assuming 

no pedestrian traffic per AASHTO LRFD Bridge Design Specifications [10]. 

It can be seen in Figures 4.6(a), (b) and (e) that the range of deflections was similar for Options 

1, 2 and 5. A significant downward deflection occurred immediately after deck replacement and 

the deflection was found to continue to increase with time albeit more gradually as the new deck 

ages. The downward deflection after deck replacement may be attributed to the reduced flexural 

rigidity of the superstructure upon deck removal, as well as the additional dead weight of the wet 

concrete when the new deck was cast. Thus deck removal and reconstruction carried out in multiple 

stages could result in an accumulation of downward deflection. Furthermore, long-term time-

dependent effects from creep and shrinkage of concrete further increased the downward deflection. 

The maximum downward deflection of the five girders exceeded 5 inches after 50 years of service, 

exceeding the AASHTO deflection limit of 3.15 inches. 

Options 3 and 4 were found to experience a maximum downward deflection of about 4 inches 

in the stage “Immediately after Deck Replacement,” as can be seen in Figures 4.6(c) and (d). This 

maximum deflection was also larger than the maximum downward deflection at the same stage of 

Options 1, 2 and 5, despite smaller portions of the deck being removed at each stage of Options 3 

and 4. The accumulation of girder deflection following each stage of deck removal and rebuilding 

was similar to the accumulation of stresses discussed earlier. 

84 



 

 

   

 

   

             

 
 

 

    
    
  

  
  

  
  

  
  

 
  

    

   

   

 
 

  
  

  
  

  
  

 
  

    

    
    
  

   

   

Girder 1 Girder 2
Girder 3 Girder 4
Girder 5

Top of Web Points

Deflection Limit 3.15 in

50 years20 years5 yearsImmediatelyDuring DeckBefore Deck

Girder 1 Girder 2
Girder 3 Girder 4
Girder 5

Top of Web Points

Deflection Limit= 3.15 in

G
ir

d
er

 D
ef

le
ct

io
n

s (
in

) 
G

ir
de

r 
D

ef
le

ct
io

ns
 (i

n)
 

2 

1 

0 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

= 

Before Deck During Deck Immediately 5 years 20 years 50 years 
Replacement Replacement after Deck after after after 

Replacement 
Stage 

(a) Option 1 

2 

1 

0 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

Replacement Replacement after Deck after after after 
Replacement

Stage 

(b) Option 2 

Figure 4.6 Deflections in five options for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.6(continued) Deflections in five options for bridge No.1 (Route 113/5 Separation Structure) 
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Figure 4.6(continued) Deflections in five options for bridge No.1 (Route 113/5 Separation Structure) 
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dependent effects, Bents 2 and 3 experienced increased compression as expected but these stresses 

were within the AASHTO compressive and tensile stress limits in all five sections. Figure 4.7(b) 

shows that the bottom fiber was not as critical as the top fiber as far as stresses were concerned. 

Figure 4.7(c) shows that the top of the web stresses were within the AASHTO compressive 

and tensile stress limits in the initial (reference) stage and in the “During Deck Replacement” stage. 

However, the increase in tensile stresses over Bents 2 and 3 was sufficiently large to exceed the 

AASHTO tensile stress limit of 0.38 ksi in the post-replacement service load conditions. Results 

indicated that attention must be paid to these long-term stresses, which may be mitigated by 

external prestressing if possible. 

Figures 4.8(a)–(c) show the stress envelopes in the top and bottom fibers, and at the top of the 

web in replacement Option 2, which had been proposed as the “negative-moment-first replacement 

strategy”. Note that immediately after deck replacement and up to 50 years of service, maximum 

tensions in the top fiber in Option 2 were smaller than that of Option 1 even though the AASHTO 

tensile stress limit was still exceeded. Stress comparison between Options 1 and 2 suggested that 

deck replacement that proceeded from the negative moment region over the bents was more 

effective in minimizing the tension build-up of the top fiber. 

Figure 4.8(b) shows that the bottom fiber stresses for all five sections in Option 2 remained 

within the AASHTO tensile and compressive stress limits during deck replacement and up to 50 

years of service. However, the bottom fiber stress varied over a larger range than that of Option 1, 

indicating that vehicular loads would have a greater influence on the bottom fiber in Option 2. For 

the top of the web stresses, the maximum tension over Bents 2 and 3 were much smaller in Option 

2 than in Option 1 for all stages up to 50 years of service, as can be seen in Figure 4.8(c). 

In sum, stresses in the top fiber and at the top of the web over middle bents were more critical 

when compared with the bottom fibers. Option 2 also resulted in smaller tension in the top fiber 
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and at the top of the web over the middle bents, indicating that the “negative-moment-region-first 

replacement strategy” is better than “all-span replacement strategy”. 
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Figure 4.7 Stresses in Option 1 for bridge No.2 (S880/W237 Connector Separation) 
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Figure 4.7(continued) Stresses in Option 1 for bridge No.2 (S880/W237 Connector Separation) 
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Figure 4.8 Stresses in Option 2 for bridge No.2 (S880/W237 Connector Separation) 
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Figure 4.8(continued) Stresses in Option 2 for bridge No.2 (S880/W237 Connector Separation) 
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4.3.2 Girder Deflections 
Figures 4.9(a)–(b) show the deflections at the top of the girders for Options 1 and 2. A live 

load deflection limit of 2.70 inches was plotted for comparison with the deflections computed at 

different stages. The downward deflection of Option 2 was smaller than that of Option 1 and was 

within the deflection limit for all stages. On the other hand, deflections of Girders 3–5 in Option 1 

exceeded the deflection limit starting after 5 years in service. Option 2, the “negative-moment-

first replacement strategy,” again suggested a better replacement strategy compared with the “all-

span replacement strategy” of Option 1. 
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Figure 4.9 Deflections in two options for bridge No.2 (S880/W237 Connector Separation) 
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(b) Bottom fiber stresses 

Figure 4.10 Stresses for bridge No.3 (26th Street Undercrossing) 
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Figure 4.10(continued) Stresses for bridge No.3 (26th Street Undercrossing) 
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Figures 4.11(a)–(l) provides a series of stress plots at the mid-span of the 26th Street 

Undercrossing to illustrate the accumulation of compressive stress as replacement proceeded. The 

blue circles in Figure 4.11(b) denote the stresses in the top and bottom fibers under dead load and 

prestressing, i.e., the initial (reference) stage, and these stresses were presented in the figure for 

comparison. The red triangles denote the stresses under dead load while the purple splines denote 

the stress envelopes under live load at each stage. The green and yellow bullet points denote the 

top of the web stresses under dead and live loads, respectively. It should be noted that no red 

triangles are plotted in Figure 4.11(a) since they represented the stresses in the initial (reference) 

stage, which were already represented by the blue circles. 

In the initial (reference) stage, the compression at the top of the web were quite uniform across 

the section under the live loads with a maximum value of 1.34 ksi, as indicated in Figures 4.11(a). 

Upon the removal of the left lane of the merging structure, the locked-in prestressing caused a 

transfer of the compression to the webs in the region proximate to the removed deck. Specifically, 

the maximum compressive stress at the left-most web increased from 1.34 ksi to 1.94 ksi, as 

indicated in Figures 4.11(b). Once the left lane had been rebuilt, the dead load from the new deck 

increased the compression at the top of the web. Figure 4.11(c) shows that the maximum 

compression under live loads further increased to 2.11 ksi. This trend indicated that the compressive 

stress in the top of the web continued to accumulate as the removal of old and recasting of new 

decks proceeded. The increase in compression at the top of the web was shown in Figures 4.11(d)– 

(k) for the remaining lane replacement stages. After the replacement of decks for all lanes, the 

compression computed at the top of the web is in the range of 3.0–4.0 ksi with the maximum 

compression reaches a high value of 3.96 ksi, as indicated in Figures 4.11(l). The accumulation of 

compressive stresses at the top of the web was noted in all four bridges albeit by a different amount 

depending on the structure. 
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(a) Stage 1 (before deck replacement) 

(b) Stage 2 (removing the left lane of the merging structure) 

Figure 4.11 Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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(c) Stage 3 (reconstructing the left lane of the merging structure) 

(d) Stage 4 (removing the right lane of the merging structure) 

Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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(e) Stage 5 (reconstructing the right lane of the merging structure) 

(f) Stage 6 (removing the left lane of the main structure) 

Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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(g) Stage 7 (reconstructing the right lane of the main structure) 

(h) Stage 8 (removing the middle lane of the right structure) 

Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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(i) Stage 9 (reconstructing the middle lane of the main structure) 

(j) Stage 10 (removing the right lane of the main structure) 

Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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(k) Stage 11 (reconstructing the right lane of the main structure) 

(l) Stage 12 (reconstructing connection slab between the merging and main structure) 

Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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4.4.2 Girder Deflections 
Figure 4.12 shows the mid-span deflections at the top of the web for all 16 girders in the 

structure. Note that six of the webs belonged to the merging structure while the remaining 10 webs 

belonged to the main structure. A deflection limit of 1.80 inches was plotted for comparison with 

the deflections computed at different stages. 

In the initial (reference) stage, all downward deflections were smaller than 1 inch, but 

immediately after deck replacement, the maximum downward deflection increased to nearly 5 

inches, and after 50 years of service, the maximum value reached almost 7 inches. These 

deflections greatly exceed the AASHTO recommended deflection limit of 1.8 inches. The large 

deflection arose from the relatively shallow box-girder, which was only 4’ 9” deep, which upon the 

removal of the 6.25” thick deck resulted in a significant reduction of the moment of inertia and 

hence a larger span deflection. The excessive deflection resulted from the series of deck removal 

and reconstruction indicated that a reduced number of replacement stages might be an advantage, 

and that shoring (if possible) should be provided to minimize the span deflection. 
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Figure 4.12 Deflections for bridge No.3 (26th Street Undercrossing) 
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comparable in the longitudinal direction. The similarity of stresses between Options 3 and 4 

indicated that deck replacement proceeding from either the two right cells or the two left cells 

produced very little difference in terms of stresses for this skewed bridge. 

Compared with Options 1, 3 and 4, Option 2 generated slightly larger tension at the top of the 

web over the middle bents. In the stage of “Immediately after Deck Replacement,” the maximum 

tension over Bent 2 in Option 2 was 0.42 ksi, which exceeded the AASHTO tensile stress limit of 

0.36 ksi, as can be seen in Figure 4.14(c), but the maximum tension over Bent 2 in the other three 

options remained within the AASHTO tensile stress limit. Thus “all-span replacement strategy” 

and “negative-moment-region-first replacement strategy” can be viewed as a slightly better 

replacement strategy than the “positive-moment-region-first replacement strategy” in terms of 

stresses. 
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(b) Bottom fiber stresses 

Figure 4.13 Stress results of Option 1 for bridge No.4 (Pioneer Avenue Undercrossing) 
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Figure 4.13(continued) Stresses in Option 1 for bridge No.4 (Pioneer Avenue Undercrossing) 
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Figure 4.14 Stresses in Option 2 for bridge No.4 (Pioneer Avenue Undercrossing) 
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(c) Top of the web stresses 

Figure 4.14(continued) Stresses in Option 2 for bridge No.4 (Pioneer Avenue Undercrossing) 
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(b) Bottom fiber stresses 

Figure 4.15 Stresses in Option 3 for bridge No.4 (Pioneer Avenue Undercrossing) 

115 



 

 

      

            

 

 

 

 

 

 

 

 

   

 
 

 
 

  
  

  
  

  
  

 
  

    

    
  
    
  
    

    

    

Top of Web Points

50 years
after

20 years
after

5 years
after

Immediately
after Deck

During Deck
Replacement

Before Deck
Replacement

Midspan of Span 1
Bent 2
Midspan of Span 2
Bent 3
Midspan of Span 3

Compressive Stress Limit 2.10 ksi

Tensile Stress Limit 0.36 ksi

T
op

 o
f W

eb
 S

tr
es

se
s (

k
si

) 

5.5 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 

-0.5 
-1.0 
-1.5 
-2.0 
-2.5 

= 

= 

Replacement 
Stage 

(c) Top of the web stresses 

Figure 4.15(continued) Stresses in Option 3 for bridge No.4 (Pioneer Avenue Undercrossing) 
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(b) Bottom fiber stresses 

Figure 4.16 Stresses in Option 4 for bridge No.4 (Pioneer Avenue Undercrossing) 
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Figure 4.16(continued) Stresses in Option 4 for bridge No.4 (Pioneer Avenue Undercrossing) 
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4.5.2 Girder Deflections 
Figures 4.17(a)–(d) show the deflections at the top of the five girders in Options 1–4. A 

deflection limit of 1.98 inches was plotted for comparison with the deflections computed at 

different stages. The deflection limit was based on 1/800 of the span length per AASHTO LRFD 

Bridge Design Specifications [10] assuming no pedestrian traffic. The maximum downward 

deflection in each of the four options was much smaller than the deflection limit of 1.98 inches, 

suggesting that deflections were not as critical as stresses for this skewed bridge. One reason for 

the smaller deflection was the shorter main span of the structure. For the Pioneer Avenue 

Undercrossing, the span/depth ratio was 22, compared to a span/depth ratio of 26 for both the I5/CA 

133 and S880/SW237 Separation Structures. The end spans of the Pioneer Avenue Undercrossing 

were also significantly shorter than that of the other two bridges; 51 ft in the end spans of the 

Pioneer Avenue Undercrossing compared to 207 ft end spans in the I5/CA 113 Separation Structure 

or the 125 ft and 155 ft end spans in the S880/SW237 Separation Structure. The shorter end spans 

of the structure had helped to restrain the deflection in the main span. It should also be noted that 

the span deflection increased slightly from 5 years of service to 50 years in all four options, but the 

increase was not immediately apparent in Figures 4.17(a)–(d). The range on the y-axis of the 

deflection plots for the Pioneer Avenue Undercrossing had been set to the same 7 inches as the 

other bridges, making the slight increase in deflection difficult to discern. 
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Figure 4.17 Deflections in four options for bridge No.4 (Pioneer Avenue Undercrossing) 
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Figure 4.17(continued) Deflections in four options for bridge No.4 

(Pioneer Avenue Undercrossing) 
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Charpter 5 

Conclusions and Recommendations 

5.1 Conclusions 
Issues related to replacement of damaged decks in post-tensioned concrete box-girder bridges 

without falsework support under the superstructure spans were examined in this study. Finite 

element analyses of four post-tensioned box-girder bridges were conducted to investigate various 

strategies for safe replacement of damaged bridge decks. The objective was to extend the service 

life of the aging bridges in California. Parameters of the study included straight, curved and skewed 

bridges, and simple versus multi-span bridges. Deck replacement in post-tensioned box-girder 

bridges needs special attention as the deck forms an integral part of the load-resisting mechanism 

and large prestressing forces are being locked in by the post-tensioning in the superstructure. 

Considerations must be made to include an assessment of the potential for unfavorable stress 

reversals or redistribution during deck replacement. In the analysis of these four bridges, practical 

strategies for lane closure and traffic re-routing during deck replacement were formulated. Options 

in terms of temporal longitudinal and transverse replacement sequences were accounted for in the 

analyses. Time-dependent properties of concrete and steel were incorporated in the finite element 

model, and transient as well as long-term stresses and deflections up to 50 years of service were 

extracted for comparison among different replacement options. 

The following concluding remarks can be made from the results of the four selected bridges: 

● Five replacement options were considered for the two-span continuous straight bridge, i.e., the 

Route 113/5 Separation Structure. Tensile stresses in the top fiber over Bent 2, compressive 

stresses at the top of the web at mid-span, and downward deflections of the superstructure 
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exceeded the AASHTO limits for all five replacement options. Three of the options, namely, 

the “all-span replacement strategy,” “span-by-span replacement strategy,” and “negative-

moment region-first replacement strategy” gave rise to lesser violation of the stresses and 

deflections compared to the other two options, namely, “half-span replacement strategies”. 

Overall the optimal strategy for deck replacement of the structure was Option 1, which 

corresponded to the “all-span replacement strategy.” 

● Two replacement options were considered for the three-span curved bridge, i.e., the 

S880/W237 Connector Separation Structure. Results indicated that the “negative-moment-first 

replacement strategy” was the optimal replacement strategy compared with the “all-span 

replacement strategy” since the former strategy developed a smaller tensile stress in the top 

fiber and at the top of the web over the middle bents. A smaller downward girder deflection 

was also associated with the “negative-moment-first replacement strategy.” 

● For the simply-supported bridge, i.e., 26th Street Undercrossing, only the “all-span replacement 

strategy” was considered. In this structure, the tension in the bottom fiber exceeded the 

AASHTO stress limit during deck replacement. The maximum compressive stress at the top of 

the web was also found to significantly exceed the AASHTO stress limit during deck 

replacement. A deflection of almost 5 inches occurred during deck replacement, greatly 

exceeded the AASHTO deflection limit of 1.8 inches. The large deflection arose from the 

relatively shallow box-girder, which was only 4’ 9” deep, which upon the removal of the 6.25” 

thick deck resulted in a significant reduction of the moment of inertia and hence a larger span 

deflection. 

● For the three-span continuous skewed bridge, i.e., the Pioneer Avenue Undercrossing, stresses 

and deflections computed for the longitudinal “all-span replacement strategy” and “negative-

moment-region-first replacement strategy” were comparable, while the “positive-moment-

123 



 

           

               

               

            

 

  

         
 

                

            

               

              

                 

      

                 

                

             

           

       

                 

                

               

              

                

       

region-first replacement strategy” produces slightly less favorable stress conditions. In the 

transverse direction, deck replacement proceeding from either the two right cells or the two left 

cells resulted in little difference in stresses or deflections. Overall the optimal strategy for deck 

replacement was Option 1, which corresponded to the “all-span replacement strategy.” 

5.2 Recommendations 
The following recommendations are made for further study: 

 As Caltrans has a large inventory of bridges, replacement strategy should be executed on a 

case-by-case basis, taking into account the configuration and the magnitude of prestressing 

in each individual bridges. It is recommended that finite element analysis be carried out for 

all candidate bridges, similar to that developed in this project. The finite element analysis 

may be carried out either by Caltrans prior to replacement or by the Contractor as part of 

their proposed deck replacement strategy. 

 The use of cast-in-place concrete for the new deck is not ideal as no pre-compression is 

developed to counter the tensile stresses that can be expected to be developed by the service 

live loads. Caltrans should explore the possibility of using precast, prestressed deck panels, 

as replacement alternative to cast-in-place concrete. Robust connection details would need 

to be developed for the precast panels. 

 Partial closure of traffic lanes may result in portions of the old bridge deck acting as 

cantilever to support the traffic load from the opened lanes. This portion of the bridge deck 

will need to be propped temporarily by falsework internal of the cells. Although details of 

the falsework support was not investigated as part of this study, Caltrans should nonetheless 

ensure that the falsework support, if connected to the soffit slab, would not result in the 

punching shear failure of the soffit slab. 
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 Although temporary, the removal of the damaged deck would result in free-standing of the 

webs in the box-girder. In that regard, Caltrans should investigate the stability of the free-

standing webs under the action of the locked-in prestressing force in curved bridges. The 

stability of the web may impact the extent to which the deck removal can be made at each 

stage of replacement. 

 Results from this study indicated that full-depth deck replacement may be difficult as current 

AASHTO stress and deflection limits were violated. Caltrans may be willing to accept 

stresses and deflections that are moderately higher than the AASHTO limits, but such levels 

have not been established in this study and these levels need to be carefully evaluated. 

Caltrans should also investigate the feasibility of using overlay to rehabilitate damaged 

bridge decks. Significant progress has been made in the past decade to overlay bridge decks 

with ultra-high performance concrete. The deployment of overlay is expected to result in 

minimal changes in stress states and deformation of the bridge. 

 Additionally, the following topics are also recommended: 

﹡Torsional effects in box-girder during different stages of deck replacement 

﹡Interfacial shear transfer in the top-of-girder cold joint for development of composite 

action 

﹡Temporary measures to mitigate tensile stresses arising from negative bending moment 

at different stages of deck replacement 

﹡Life-cycle cost analysis of deck replacement in old bridges versus new bridges assuming 

a design life of 75 years 

﹡ Ponding effects due to changes in deck profile and disrupted drainage from the expected 

bridge deflections 
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﹡Analysis of unsupported sloped exterior girders during deck replacement 

﹡Minimum under-bridge temporary supports required for critical stress reduction 

﹡Live load/permit load effects for structures exceeding AASHTO stress limits 

﹡Initiation of a pilot project with strain gage and deflection monitoring 
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Appendices 

A. As-Built Drawings of the Four Selected Bridges 
A.1 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22-147) 

Figure A.1 General plan of bridge No.1 (Route 113/5 Separation Structure) 
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             Figure A.2 Cross-section of box girder of bridge No.1 (Route 113/5 Separation Structure) 
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A.2 Bridge No.2—S880/W237 Connector Separation (Bridge No. 37-0570F) 

Figure A.3 General plan of bridge No.2 (S880/W237 Connector Separation) 
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            Figure A.4 Cross-section of box girder of bridge No.2 (S880/W237 Connector Separation) 
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A.3 Bridge No.3—26th Street Undercrossing (Bridge No. 24-223R/L) 

Figure A.5 General plan of bridge No.3 (26th Street Undercrossing) 
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            Figure A.6 Cross-section of box girder of bridge No.3 (26th Street Undercrossing) 
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A.4 Bridge No.4—Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 

Figure A.7 General plan of bridge No.4 (Pioneer Avenue Undercrossing) 
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            Figure A.8 Cross-section of box girder of bridge No.4 (Pioneer Avenue Undercrossing) 
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B. Staged-Construction Operations in CSiBridge 
B.1 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22-147) 

B.1.1 Option 1 
Table B.1 Staged-construction operations for Option 1 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding self-weight of the whole 

bridge 
Duration = 0 day 

Age = 14600 days (40 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 
Reassembling Deck 1 Duration = 1 day 

Age=1 day 
Adding the self-weight of Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 

Adding K-rail 2 Duration = 2 days 

Removing K-rail 1 & Deck 2 Duration = 2 days 
Loading K-rail 1 with factor of -1 

Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 & Joint 

Reassembling Deck 2 & Joint Duration = 1 days 
Age = 1 day 

Adding the self-weight of Deck 2 & 
Joint Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

6—Waiting 5 years Waiting 5 years Duration = 1825 days 
7—Waiting 10 years Waiting 10 years Duration = 1825 days 
8—Waiting 20 years Waiting 20 years Duration = 3650 days 
9—Waiting 30 years Waiting 30 years Duration = 3650 days 
10—Waiting 40 years Waiting 40 years Duration = 3650 days 
11—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load 

before deck replacement 
2.5—Adding vehicular load after 

removing Deck 1 & Joint 
3.5—Adding vehicular load after 

rebuilding Deck 1 
4.5—Adding vehicular load after 

removing Deck 2 
5.5—Adding vehicular load after 

rebuilding Deck 2 & Joint 
6.5—Adding vehicular load after 

waiting 5 years 
7.5—Adding vehicular load after 

waiting 10 years 
8.5—Adding vehicular load after 

waiting 20 years 
9.5—Adding vehicular load after 

waiting 30 years 
10.5—Adding vehicular load after 

waiting 40 years 
11.5—Adding vehicular load after 

waiting 50 years 
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B.1.2 Option 2 
Table B.2 Staged-construction operations for Option 2 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the 

whole bridge 
Duration = 0 day 

Age = 14600 days (40 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 1 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint 1 Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 

Reassembling Deck 1 Duration = 1 day 
Age=1 day 

Adding the self-weight of 
Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 & Joint 2 Removing Deck 2 & Joint 2 Duration = 2 days 
Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 

Reassembling Deck 2 Duration = 1 day 
Age=1 day 

Adding the self-weight of 
Deck 2 Duration=0 day 

Waiting 6 days Duration = 6 days 

6—Removing Deck 3 

Adding K-rail 2 Duration = 2 days 

Removing K-rail 1& Deck 3 Duration = 2 days 
Loading K-rail 1 with factor of -1 

Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3 & Joint 1 

Reassembling Deck 3 & Joint 1 Duration = 1 days 
Age = 1 day 

Adding the self-weight of 
Deck 3 & Joint 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

8—Removing Deck 4 Removing Deck 4 Duration = 2 days 
Adding the formwork Duration = 3 days 

9—Rebuilding Deck 4 & Joint 2 

Reassembling Deck 4 & Joint 2 Duration = 1 days 
Age = 1 day 

Adding the self-weight of 
Deck 4 & Joint 2 Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

10—Waiting 5 years Waiting 5 years Duration = 1825 days 
11—Waiting 10 years Waiting 10 years Duration = 1825 days 
12—Waiting 20 years Waiting 20 years Duration = 3650 days 
13—Waiting 30 years Waiting 30 years Duration = 3650 days 
14—Waiting 40 years Waiting 40 years Duration = 3650 days 
15—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before 

deck replacement 
2.5—Adding vehicular load after 

removing Deck 1 & Joint 1 
3.5—Adding vehicular load after 

rebuilding Deck 1 
4.5—Adding vehicular load after 

removing Deck 2 & Joint 2 
5.5—Adding vehicular load after 

rebuilding Deck 2 
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Table B.2(continued) Staged-construction operations for Option 2 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 
6.5—Adding vehicular load after 

removing Deck 3 
7.5—Adding vehicular load after 

rebuild Deck 3 & Join 1 
8.5—Adding vehicular load after 

removing Deck 4 
9.5—Adding vehicular load after 

rebuilding Deck 4 & Joint 2 
10.5—Adding vehicular load after 

waiting 5 years 
11.5—Adding vehicular load after 

waiting 10 years 
12.5—Adding vehicular load after 

waiting 20 years 
13.5—Adding vehicular load after 

waiting 30 years 
14.5—Adding vehicular load after 

waiting 40 years 
15.5—Adding vehicular load after 

waiting 50 years 
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B.1.3 Options 3 and 4 
Table B.3 Staged-construction operations for Options 3 and 4 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the 

whole bridge 
Duration = 0 day 

Age = 14600 days 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 1 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint 1 Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 

Reassembling Deck 1 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 & Joint 2 Removing Deck 2 & Joint 2 Duration = 2 days 
Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 

Reassembling Deck 2 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 2 Duration = 0 day 

Waiting 6 days Duration = 6 days 

6—Removing Deck 3 & Joint 3 Removing Deck 3 & Joint 3 Duration = 2 days 
Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3 

Reassembling Deck 3 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 3 Duration = 0 day 

Waiting 6 days Duration = 6 days 

8—Removing Deck 4 & Joint 4 Removing Deck 4 & Joint 4 Duration = 2 days 
Adding the formwork Duration = 3 days 

9—Rebuilding Deck 4 

Reassembling Deck 4 Duration = 1 days 
Age = 1 day 

Adding the self-weight of 
Deck 4 Duration = 0 day 

Waiting 6 days Duration = 6 days 

10—Removing Deck 5 

Adding K-rail 2 Duration = 2 days 

Removing K-rail 1 & Deck 5 Duration = 2 days 
Loading K-rail 1 with factor of -1 

Adding the formwork Duration = 3 days 

11—Rebuilding Deck 5 & Joint 1 

Reassembling Deck 5 & Joint 1 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 5 & Joint 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

12—Removing Deck 6 Removing Deck 6 Duration = 2 days 
Adding the formwork Duration = 3 days 

13—Rebuilding Deck 6 & Joint 2 

Reassembling Deck 6 & Joint 2 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 6 & Joint 2 Duration = 0 day 

Waiting 6 days Duration = 6 days 

14—Removing Deck 7 Removing Deck 7 Duration = 2 days 
Adding the formwork Duration = 3 days 
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Table B.3(continued) Staged-construction operations for Options 3 and 4 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 

15—Rebuilding Deck 7 & Joint 3 

Reassembling Deck 7 & Joint 3 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 7 & Joint 3 Duration = 0 day 

Waiting 6 days Duration = 6 days 

16—Removing Deck 8 Removing Deck 8 Duration = 2 days 
Adding the formwork Duration = 3 days 

17—Rebuilding Deck 8 & Joint 4 

Reassembling Deck 8 & Joint 4 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 8 & Joint 4 Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 days 
Loading K-rail 2 with factor of -1 

18—Waiting 5 years Waiting 5 years Duration = 1825 days 
19—Waiting 10 years Waiting 10 years Duration = 1825 days 
20—Waiting 20 years Waiting 20 years Duration = 3650 days 
21—Waiting 30 years Waiting 30 years Duration = 3650 days 
22—Waiting 40 years Waiting 40 years Duration = 3650 days 
23—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before 

deck replacement 
2.5—Adding vehicular load after 

removing Deck 1&Joint 1 
3.5—Adding vehicular load after 

rebuilding Deck 1 
4.5—Adding vehicular load after 

removing Deck 2 & Joint 2 
5.5—Adding vehicular load after 

rebuilding Deck 2 
6.5—Adding vehicular load after 

removing Deck 3 & Joint 3 
7.5—Adding vehicular load after 

rebuilding Deck 3 
8.5—Adding vehicular load after 

removing Deck 4 & Joint 4 
9.5—Adding vehicular load after 

rebuilding Deck 4 
10.5—Adding vehicular load after 

removing Deck 5 
11.5—Adding vehicular load after 

rebuilding Deck 5 & Joint 1 
12.5—Adding vehicular load after 

removing Deck 6 
13.5—Adding vehicular load after 

rebuilding Deck 6 & Joint 2 
14.5—Adding vehicular load after 

removing Deck 7 
15.5—Adding vehicular load after 

rebuilding Deck 7 & Joint 3 
16.5—Adding vehicular load after 

removing Deck 8 
17.5—Adding vehicular load after 

rebuilding Deck 8 & Joint 4 
18.5—Adding vehicular load after 

waiting 5 years 
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Table B.3(continued) Staged-construction operations for Options 3 and 4 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 
19.5—Adding vehicular load after 

waiting 10 years 
20.5—Adding vehicular load after 

waiting 20 years 
21.5—Adding vehicular load after 

waiting 30 years 
22.5—Adding vehicular load after 

waiting 40 years 
23.5—Adding vehicular load after 

waiting 50 years 
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B.1.4 Option 5 
Table B.4 Staged-construction operations for Option 5 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the 

whole bridge 
Duration = 0 day 

Age = 14600 days (40 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 1 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint 1 Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 

Reassembling Deck 1 Duration = 1 day 
Age =1 day 

Adding the self-weight of 
Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2a, 2b & Joint 2 Removing Deck 2a, 2b & Joint 2 Duration = 2 days 
Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2a, 2b 

Reassembling Deck 2a, 2b Duration = 1 day 
Age=1 day 

Adding the self-weight of 
Deck 2a, 2b Duration=0 day 

Waiting 6 days Duration = 6 days 

6—Removing Deck 3 

Adding K-rail 2 Duration = 2 days 

Removing K-rail 1& Deck 3 Duration = 2 days 
Loading K-rail 1 with factor of -1 

Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3 & Joint 1 

Reassembling Deck 3 & Joint 1 Duration = 1 days 
Age = 1 day 

Adding the self-weight of 
Deck 3 & Joint 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

8—Removing Deck 4a, 4b Removing Deck 4a, 4b Duration = 2 days 
Adding the formwork Duration = 3 days 

9—Rebuilding Deck 4a, 4b & Joint 2 

Reassembling Deck 4a, 4b & 
Joint 2 

Duration = 1 days 
Age = 1 day 

Adding the self-weight of 
Deck 4a, 4b & Joint 2 Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

10—Waiting 5 years Waiting 5 years Duration = 1825 days 
11—Waiting 10 years Waiting 10 years Duration = 1825 days 
12—Waiting 20 years Waiting 20 years Duration = 3650 days 
13—Waiting 30 years Waiting 30 years Duration = 3650 days 
14—Waiting 40 years Waiting 40 years Duration = 3650 days 
15—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before 

deck replacement 
2.5—Adding vehicular load after 

removing Deck 1 & Joint 1 
3.5—Adding vehicular load after 

rebuilding Deck 1 
4.5—Adding vehicular load after 

removing Deck 2a, 2b & Joint 2 
5.5—Adding vehicular load after 

rebuilding Deck 2a, 2b 
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Table B.4(continued) Staged-construction operations for Option 5 

of bridge No.1 (Route 113/5 Separation Structure) 

Load Case Name Stage Name Comments 
6.5—Adding vehicular load after 

removing Deck 3 
7.5—Adding vehicular load after 

rebuild Deck 3 & Join 1 
8.5—Adding vehicular load after 

removing Deck 4a, 4b 
9.5—Adding vehicular load after 

rebuilding Deck 4a, 4b & Joint 2 
10.5—Adding vehicular load after 

waiting 5 years 
11.5—Adding vehicular load after 

waiting 10 years 
12.5—Adding vehicular load after 

waiting 20 years 
13.5—Adding vehicular load after 

waiting 30 years 
14.5—Adding vehicular load after 

waiting 40 years 
15.5—Adding vehicular load after 

waiting 50 years 
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B.2 Bridge No.2—S880/W237 Connector Separation (Bridge No. 37-0570F) 
B.2.1 Option 1 

Table B.5 Staged-construction operations for Option 1 

of bridge No.2 (S880/W237 Connector Separation) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the whole 

bridge 
Duration = 0 day 

Age = 18250 days (50 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 
Reassembling Deck 1 Duration = 1 day 

Age = 1 day 
Adding the self-weight of Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 

Adding K-rail 2 Duration = 2 days 

Removing K-rail 1 & Deck 2 Duration = 2 days 
Loading K-rail 1 with factor of -1 

Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 & Joint 

Reassembling Deck 2 & Joint Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 2 & Joint Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

6—Waiting 5 years Waiting 5 years Duration = 1825 days 
7—Waiting 10 years Waiting 10 years Duration = 1825 days 
8—Waiting 20 years Waiting 20 years Duration = 3650 days 
9—Waiting 30 years Waiting 30 years Duration = 3650 days 
10—Waiting 40 years Waiting 40 years Duration = 3650 days 
11—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before 

deck replacement 
2.5—Adding vehicular load after 

removing Deck 1 & Joint 
3.5—Adding vehicular load after 

rebuilding Deck 1 
4.5—Adding vehicular load after 

removing Deck 2 
5.5—Adding vehicular load after 

rebuilding Deck 2 & Joint 
6.5—Adding vehicular load after 

waiting 5 years 
7.5—Adding vehicular load after 

waiting 10 years 
8.5—Adding vehicular load after 

waiting 20 years 
9.5—Adding vehicular load after 

waiting 30 years 
10.5—Adding vehicular load after 

waiting 40 years 
11.5—Adding vehicular load after 

waiting 50 years 
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B.2.2 Option 2 
Table B.6 Staged-construction operations for Option 2 

of bridge No.2 (S880/W237 Connector Separation) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the 

whole bridge 
During = 0 day 

Age = 18250 (50 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1a, 1b & Joint 1a, 1b 

Adding K-rail 1 Duration = 2 days 
Removing Deck 1a, 1b & Joint 

1a, 1b Duration = 2 days 

Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1a, 1b 

Reassembling Deck 1a, 1b Duration = 1 day 
Age = 1 day 

Adding the self-weight of Deck 
1a, 1b Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2a, 2b, 2c & Joint 
2a, 2b, 2c 

Removing Deck 2a, 2b, 2c & 
Joint 2a, 2b, 2c Duration = 2 days 

Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2a, 2b, 2c 

Reassembling Deck 2a, 2b, 2c Duration = 1 day 
Age = 1 day 

Adding the self-weight of Deck 
2a, 2b, 2c Duration = 0 day 

Waiting 6 days Duration = 6 days 

6—Removing Deck 3a, 3b 

Adding K-rail 2 Duration = 2 days 
Removing Adding K-rail 1 & 

Deck 3a, 3b 
Duration = 2 days 

Loading K-rail 1 with factor of -1 
Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3a, 3b & 
Joint 1a, 1b 

Reassembling Deck 3a, 3b & 
Joint 1a, 1b 

Duration = 1 day 
Age = 1 day 

Adding the self-weight of Deck 
3a, 3b & Joint 1a, 1b Duration = 0 day 

Waiting 6 days Duration = 6 days 

8—Removing Deck 4a, 4b, 4c Removing Deck 4a, 4b, 4c Duration = 2 days 
Adding the formwork Duration = 3 days 

9—Rebuilding Deck 4a, 4b, 4c & Joint 
2a, 2b, 2c 

Reassembling Deck 4a, 4b, 4c & 
Joint 2 

Duration = 1 day 
Age = 1 day 

Adding the self-weight of Deck 
4a, 4b, 4c & Joint 2a, 2b, 2c Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

10—Waiting 5 years Waiting 5 years Duration = 1825 days 
11—Waiting 10 years Waiting 10 years Duration = 1825 days 
12—Waiting 20 years Waiting 20 years Duration = 3650 days 
13—Waiting 30 years Waiting 30 years Duration = 3650 days 
14—Waiting 40 years Waiting 40 years Duration = 3650 days 
15—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before deck 

replacement 
2.5—Adding vehicular load after 

removing Deck 1a, 1b & Joint 1a, 1b 
3.5—Adding vehicular load after 

rebuilding Deck 1a, 1b 
4.5—Adding vehicular load after 

removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 
5.5—Adding vehicular load after 

rebuilding Deck 2a, 2b, 2c 
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Table B.6(continued) Staged-construction operations for Option 2 

of bridge No.2 (S880/W237 Connector Separation) 

Load Case Name Stage Name Comments 
6.5—Adding vehicular load after 

removing Deck 3a, 3b 
7.5—Adding vehicular load after 

rebuilding Deck 3a, 3b & Joint 1a, 1b 
8.5—Adding vehicular load after 

removing Deck 4a, 4b, 4c 
9.5—Adding vehicular load after 

rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 
10.5—Adding vehicular load after 

waiting 5 years 
11.5—Adding vehicular load after 

waiting 10 years 
12.5—Adding vehicular load after 

waiting 20 years 
13.5—Adding vehicular load after 

waiting 30 years 
14.5—Adding vehicular load after 

waiting 40 years 
15.5—Adding vehicular load after 

waiting 50 years 
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B.3 Bridge No.3—26th Street Undercrossing (Bridge No. 24-223R/L) 
Table B.7 Staged-construction operations for deck replacement 

of bridge No.3 (26th Street Undercrossing) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the 

whole bridge 
Duration = 0 day 

Age = 18250 days (50 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 1 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint 1 Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 

Reassembling Deck 1 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 & Connecting 
slab 

Adding K-rails 2 & 3 Duration = 2 days 
Removing K-rail 1, Deck 2 & 

Joint 2 
Duration = 2 days 

Loading K-rail 1 with factor of -1 
Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 & Joint 1 

Reassembling Deck 2 & Joint 
1 

Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 2 & Joint 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

6—Removing Deck 3 & Joint 2 

Adding K-rails 4 & 5 Duration = 2 days 
Removing K-rails 2 and 3, 

Deck 3, Joint 2 
Duration = 2 days 

Loading K-rails 2 and 3 with factor of -1 
Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3 

Reassembling Deck 3 Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 3 Duration = 0 day 

Waiting 6 days Duration = 6 days 

8—Removing Deck 4 & Joint 3 

Adding K-rails 6, 7, and 8 Duration = 2 days 
Removing K-rail 5, Deck 4 

and Joint 3 Duration = 2 days 

Adding the formwork Duration = 3 days 

9—Rebuilding Deck 4 & Joint 2 

Reassembling Deck 4 & Joint 
2 

Duration = 1 days 
Age = 1 day 

Adding the self-weight of 
Deck 4 & Joint 2 Duration = 0 day 

Waiting 6 days Duration = 6 days 

10—Removing Deck 5 

Adding K-rail 9 Duration = 2 days 
Removing K-rails 7 & 8, and 

Deck 5 
Duration = 2 days 

Loading K-rails 7 and 8 with factor of -1 
Adding the formwork Duration = 3 days 

11—Rebuilding Deck 5 & Joint 3 

Reassembling Deck 5 & Joint 
3 

Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 5 & Joint 3 Duration = 0 day 

Waiting 6 days Duration = 6 days 

12—Rebuilding the Connecting slab 

Reassembling the Connecting 
slab 

Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
the Connecting slab Duration = 0 day 

Waiting 6 days Duration = 6 days 
Removing K-rails 9, 4 and 6 Loading K-rails 9, 4 and 6 with factor of -1 
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Table B.7(continued) Staged-construction operations for deck replacement 

of bridge No.3 (26th Street Undercrossing) 

Load Case Name Stage Name Comments 
13—Waiting 5 years Waiting 5 years Duration = 1825 days 
14—Waiting 10 years Waiting 10 years Duration = 1825 days 
15—Waiting 20 years Waiting 20 years Duration = 3650 days 
16—Waiting 30 years Waiting 30 years Duration = 3650 days 
17—Waiting 40 years Waiting 40 years Duration = 3650 days 
18—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before deck 

replacement 
2.5—Adding vehicular load after 

removing Deck 1 & Joint 1 
3.5—Adding vehicular load after 

rebuilding Deck 1 
4.5—Adding vehicular load after 

removing Deck 2 & Connecting slab 
5.5—Adding vehicular load after 

rebuilding Deck 2 & Joint 1 
6.5—Adding vehicular load after 

removing Deck 3 & Joint 2 
7.5—Adding vehicular load after 

rebuilding Deck 3 
8.5—Adding vehicular load after 

removing Deck 4 & Joint 3 
9.5—Adding vehicular load after 

rebuilding Deck 4 
10.5—Adding vehicular load after 

removing Deck 5 
11.5—Adding vehicular load after 

rebuilding Deck 5 & Joint 3 
12.5—Adding vehicular load after 

rebuilding the Connecting slab 
13.5—Adding vehicular load after 

waiting 5 years 
14.5—Adding vehicular load after 

waiting 10 years 
15.5—Adding vehicular load after 

waiting 20 years 
16.5—Adding vehicular load after 

waiting 30 years 
17.5—Adding vehicular load after 

waiting 40 years 
18.5—Adding vehicular load after 

waiting 50 years 
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B.4 Bridge No.4—Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 
B.4.1 Option 1 

Table B.8 Staged-construction operations for Option 1 

of bridge No.4 (Pioneer Avenue Undercrossing) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the whole 

bridge 
Duration = 0 day 

Age = 18250 days (50 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 
Adding K-rail 1 Duration = 2 days 

Removing Deck 1 & Joint Duration = 2 days 
Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 
Reassembling Deck 1 Duration = 1 day 

Age = 1 day 
Adding the self-weight of Deck 1 Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 

Adding K-rail 2 Duration = 2 days 

Removing K-rail 1 & Deck 2 Duration = 2 days 
Loading K-rail 1 with factor of -1 

Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 & Joint 

Reassembling Deck 2 & Joint Duration = 1 day 
Age = 1 day 

Adding the self-weight of 
Deck 2 & Joint Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 
Duration = 0 day 

Adding the self-weight of K-rail 2 with 
factor of -1 

6—Waiting 5 years Waiting 5 years Duration = 1825 days 
7—Waiting 10 years Waiting 10 years Duration = 1825 days 
8—Waiting 20 years Waiting 20 years Duration = 3650 days 
9—Waiting 30 years Waiting 30 years Duration = 3650 days 
10—Waiting 40 years Waiting 40 years Duration = 3650 days 
11—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding the vehicular load 

before deck replacement 
2.5—Adding the vehicular load 

after removing Deck 1 & Joint 
3.5—Adding the vehicular load 

after rebuilding Deck 1 
4.5—Adding the vehicular load 

after removing Deck 2 
5.5—Adding the vehicular load 

after rebuilding Deck 2 & Joint 
6.5—Adding the vehicular load 

after waiting 5 years 
7.5—Adding the vehicular load 

after waiting 10 years 
8.5—Adding the vehicular load 

after waiting 20 years 
9.5—Adding the vehicular load 

after waiting 30 years 
10.5—Adding the vehicular load 

after waiting 40 years 
11.5—Adding the vehicular load 

after waiting 50 years 
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B.4.2 Option 2 
Table B.9 Staged-construction operations for Option 2 

of bridge No.4 (Pioneer Avenue Undercrossing) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of 

the whole bridge 
Duration = 0 day 

Age=18250 days (50 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1 & Joint 1 

Adding K-rail 1 Duration = 2 days 
Removing Deck 1 & Joint 

1 Duration = 2 days 

Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1 
Reassembling Deck 1 Duration = 1 day 

Age = 1 day 
Loading Deck 1 Duration = 0 day 
Waiting 6 days Duration = 6 days 

4—Removing Deck 2a, 2b & Joint 2a, 2b 
Removing Deck 2a, 2b & 

Joint 2a, 2b Duration = 2 days 

Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2a, 2b 
Reassembling Deck 2a, 2b Duration = 1 day 

Age = 1 day 
Loading Deck 2a, 2b Duration = 0 day 

Waiting 6 days Duration = 6 days 

6—Removing Deck 3 

Adding K-rail 2 Duration = 2 days 
Removing K-rail 1 & 

Deck 3 
Duration = 2 days 

Loading K-rail 1 with factor of -1 
Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3 & Joint 1 

Reassembling Deck 3 
& Joint 1 

Duration = 1 day 
Age = 1 day 

Loading Deck 3 & Joint 1 Duration = 0 day 
Waiting 6 days Duration = 6 days 

8—Removing Deck 2a, 2b Removing Deck 2a, 2b Duration = 2 days 
Adding the formwork Duration = 3 days 

9—Rebuilding Deck 2a, 2b & Joint 2a, 2b 

Reassembling Deck 2a, 2b 
& Joint 2a, 2b 

Duration = 1 day 
Age = 1 day 

Loading Deck 2a, 2b & 
Joint 2a, 2b Duration = 0 day 

Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

10—Waiting 5 years Waiting 5 years Duration = 1825 days 
11—Waiting 10 years Waiting 10 years Duration = 1825 days 
12—Waiting 20 years Waiting 20 years Duration = 3650 days 
13—Waiting 30 years Waiting 30 years Duration = 3650 days 
14—Waiting 40 years Waiting 40 years Duration = 3650 days 
15—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding vehicular load before 
deck replacement 

2.5—Adding vehicular load after 
removing Deck 1 & Joint 1 
3.5—Adding vehicular load after rebuilding 

Deck 1 
4.5—Adding vehicular load after 
removing Deck 2a, 2b & Joint 2a, 2b 
5.5—Adding vehicular load after rebuilding 

Deck 2a, 2b 
6.5—Adding vehicular load after 
removing Deck 3 
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8

9

10

11

12

13

14

15

Table B.9(continued) Staged-construction operations for Option 2 

of bridge No.4 (Pioneer Avenue Undercrossing) 

Load Case Name Stage Name Comments 
.5—Adding vehicular load after rebuilding 

Deck 3 & Joint 1 
.5—Adding vehicular load after 

removing Deck 2a, 2b 
.5—Adding vehicular load after rebuilding 

Deck 2a, 2b & Join2a, 2b 
.5—Adding vehicular load after 

waiting 5 years 
.5—Adding vehicular load after 

waiting 10 years 
.5—Adding vehicular load after 

waiting 20 years 
.5—Adding vehicular load after 

Waiting 30 years 
.5—Adding vehicular load after 

waiting 40 years 
.5—Adding vehicular load after 

waiting 50 years 
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B.4.3 Options 3 and 4 
Table B.10 Staged-construction operations for Options 3 and 4 

of bridge No.4 (Pioneer Avenue Undercrossing) 

Load Case Name Stage Name Comments 

1—Before deck replacement 
Adding the self-weight of the 

whole bridge 
Duration=0 day 

Age = 18250 days (50 years) 
Prestressing all tendons Duration = 0 day 

2—Removing Deck 1a, 1b & Joint 1a, 1b 

Adding K-rail 1 Duration = 2 days 
Removing Deck 1a, 1b & 

Joint 1a, 1b Duration = 2 days 

Adding the formwork Duration = 3 days 

3—Rebuilding Deck 1a, 1b 
Reassembling Deck 1a, 1b Duration = 1 day 

Age = 1 day 
Loading Deck 1a, 1b Duration = 0 day 

Waiting 6 days Duration = 6 days 

4—Removing Deck 2 & Joint 2 Removing Deck 2 & Joint 2 Duration = 2 days 
Adding the formwork Duration = 3 days 

5—Rebuilding Deck 2 
Reassembling Deck 2 Duration = 1 day 

Age = 1 day 
Loading Deck 2 Duration = 0 day 
Waiting 6 days Duration = 6 days 

6—Removing Deck 3a, 3b 

Adding K-rail 2 Duration = 2 days 
Removing K-rail 1 & Deck 

3a, 3b 
Duration = 2 days 

Loading K-rail 1 with factor of -1 
Adding the formwork Duration = 3 days 

7—Rebuilding Deck 3a, 3b & Joint 1a, 
1b 

Reassembling Deck 3a, 3b & 
Joint 1a, 1b 

Duration = 1 day 
Age = 1 day 

Load Deck 3a, 3b & Joint 1a, 
1b Duration = 0 day 

Waiting 6 days Duration = 6 days 

8—Removing Deck 4 Removing D4 Duration = 2 days 
Formwork Duration = 3 days 

9—Rebuilding Deck 4 & Joint 2 

Reassembling Deck 4 & Joint 
2 

Duration = 1 day 
Age = 1 day 

Loading Deck 4 & Joint 2 Duration = 0 day 
Waiting 6 days Duration = 6 days 

Removing K-rail 2 Duration = 0 day 
Loading K-rail 2 with factor of -1 

10—Waiting 5 years Waiting 5 years Duration = 1825 days 
11—Waiting 10 years Waiting 10 years Duration = 1825 days 
12—Waiting 20 years Waiting 20 years Duration = 3650 days 
13—Waiting 30 years Waiting 30 years Duration = 3650 days 
14—Waiting 40 years Waiting 40 years Duration = 3650 days 
15—Waiting 50 years Waiting 50 years Duration = 3650 days 
1.5—Adding the vehicular load before 

Removal 
2.5—Adding the vehicular load after 

removing Deck 1a, 1b & Joint 1a, 1b 
3.5—Adding the vehicular load after 

rebuilding Deck 1a, 1b 
4.5—Adding the vehicular load after 

Removing Deck 2 & Joint 2 
5.5—Adding the vehicular load after 

rebuilding Deck 2 
6.5—Adding the vehicular load after 

removing Deck 3a, 3b 
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Table B.10(continued) Staged-construction operations for Optiond 3 and 4 

of bridge No.4 (Pioneer Avenue Undercrossing) 

Load Case Name Stage Name Comments 
.5—Adding the vehicular load after 

rebuilding Deck 3a, 3b & Joint 1a, 1b 
.5—Adding the vehicular load after 

removing Deck 4 
.5—Adding the vehicular load after 

rebuilding Deck 4 & Joint 2 
.5—Adding the vehicular load after 

waiting 5 years 
.5—Adding the vehicular load after 

waiting 10 years 
.5—Adding the vehicular load after 

waiting 20 years 
.5—Adding the vehicular load after 

waiting 30 years 
.5—Adding the vehicular load after 

Waiting 40 years 
.5—Adding the vehicular load after 

waiting 50 years 
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C. Sectional Stresses and Girder Deflections of Bridge No. 1—Route 

113/5 Separation Structure (Bridge No. 22-147) 
C.1 Sectional Stresses in Five Replacement Options 

C.1.1 Option 1 

(a) Stage 2 

(b) Stage 3 

Figure C.1 Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.2 Sectional stresses over Bent 2 for Option 1 of Bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.2(continued) Sectional stresses over Bent 2 for Option 1 of Bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.2(continued) Sectional stresses over Bent 2 for Option 1 of Bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.2(continued) Sectional stresses over Bent 2 for Option 1 of Bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.2(continued) Sectional stresses over Bent 2 for Option 1 of Bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.3 Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.1 

169 



 

   

 

   

 

   

               

 

C.1.2 Option 2 

(a) Stage 2 

(b) Stage 3 

Figure C.4 Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.4(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.4(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.4(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.4(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.4(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.4(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.5 Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.5(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.5(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.5(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.5(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.5(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.5(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.6 Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.6(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.6(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.6(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.6(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.6(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.6(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.1 
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C.1.3 Option 3 

(a) Stage 2 

(b) Stage 3 

Figure C.7 Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(o) Stage 16 

(p) Stage 17 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(q) Stage 18 

(r) Stage 19 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(s) Stage 20 

(t) Stage 21 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(u) Stage 22 

(v) Stage 23 

Figure C.7(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.8 Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 

204 



 

 

   

 

   

             

 

 
 

(g) Stage 8 

(h) Stage 9 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(o) Stage 16 

(p) Stage 17 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(q) Stage 18 

(r) Stage 19 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(s) Stage 20 

(t) Stage 21 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(u) Stage 22 

(v) Stage 23 

Figure C.8(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.9 Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(o) Stage 16 

(p) Stage 17 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(q) Stage 18 

(r) Stage 19 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(s) Stage 20 

(t) Stage 21 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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(u) Stage 22 

(v) Stage 23 

Figure C.9(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.1 
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C.1.4 Option 4 

(a) Stage 2 

(b) Stage 3 

Figure C.10 Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 

224 



 

 

   

 

   

               

 

(c) Stage 4 

(d) Stage 5 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 

226 



 

 

   

 

   

               

 

(g) Stage 8 

(h) Stage 9 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(o) Stage 16 

(p) Stage 17 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(q) Stage 18 

(r) Stage 19 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(s) Stage 20 

(t) Stage 21 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 

233 



 

 

   

 

   

               

(u) Stage 22 

(v) Stage 23 

Figure C.10(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.11 Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(o) Stage 16 

(p) Stage 17 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(q) Stage 18 

(r) Stage 19 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(s) Stage 20 

(t) Stage 21 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(u) Stage 22 

(v) Stage 23 

Figure C.11(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.12 Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 

252 



 

 

   

 

   

               

(o) Stage 16 

(p) Stage 17 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(q) Stage 18 

(r) Stage 19 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(s) Stage 20 

(t) Stage 21 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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(u) Stage 22 

(v) Stage 23 

Figure C.12(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.1 
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C.1.5 Option 5 

(a) Stage 2 

(b) Stage 3 

Figure C.13 Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.13(continued) Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.13(continued) Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.13(continued) Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.13(continued) Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.13(continued) Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.13(continued) Sectional stresses at mid-span of Span 1 for Option 5 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.14 Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.14(continued) Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.14(continued) Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.14(continued) Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.14(continued) Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.14(continued) Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.14(continued) Sectional stresses over Bent 2 for Option 5 of bridge No.1 
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(a) Stage 2 

(b) Stage 3 

Figure C.15 Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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(c) Stage 4 

(d) Stage 5 

Figure C.15(continued) Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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(e) Stage 6 

(f) Stage 7 

Figure C.15(continued) Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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(g) Stage 8 

(h) Stage 9 

Figure C.15(continued) Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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(i) Stage 10 

(j) Stage 11 

Figure C.15(continued) Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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(k) Stage 12 

(l) Stage 13 

Figure C.15(continued) Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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(m) Stage 14 

(n) Stage 15 

Figure C.15(continued) Sectional stresses at mid-span of Span 2 for Option 5 of bridge No.1 
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C.2 Deflections at Top of the Web in Five Replacement Options 
C.2.1 Option 1 

(a) Girder 1 

Figure C.16 Deflections at top of the web for Option 1 of bridge No.1 
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(b) Girder 2 

Figure C.16(continued) Deflections at top of the web for Option 1 of bridge No.1 
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(c) Girder 3 

Figure C.16(continued) Deflections at top of the web for Option 1 of bridge No.1 
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(d) Girder 4 

Figure C.16(continued) Deflections at top of the web for Option 1 of bridge No.1 
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(e) Girder 5 

Figure C.16(continued) Deflections at top of the web for Option 1 of bridge No.1 
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C.2.2 Option 2 

(a) Girder 1 

Figure C.17 Deflections at top of the web for Option 2 of bridge No.1 
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(b) Girder 2 

Figure C.17(continued) Deflections at top of the web for Option 2 of bridge No.1 
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(c) Girder 3 

Figure C.17(continued) Deflections at top of the web for Option 2 of bridge No.1 
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(d) Girder 4 

Figure C.17(continued) Deflections at top of the web for Option 2 of bridge No.1 
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(e) Girder 5 

Figure C.17(continued) Deflections at top of the web for Option 2 of bridge No.1 
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C.2.3 Option 3 

(a) Girder 1 

Figure C.18 Deflections at top of the web for Option 3 of Bridge No.1 
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(b) Girder 2 

Figure C.18(continued) Deflections at top of the web for Option 3 of Bridge No.1 
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(c) Girder 3 

Figure C.18(continued) Deflections at top of the web for Option 3 of Bridge No.1 
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(d) Girder 4 

Figure C.18(continued) Deflections at top of the web for Option 3 of Bridge No.1 
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(e) Girder 5 

Figure C.18(continued) Deflections at top of the web for Option 3 of Bridge No.1 
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C.2.4 Option 4 

(a) Girder 1 

Figure C.19 Deflections at top of the web for Option 4 of Bridge No.1 
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(b) Girder 2 

Figure C.19(continued) Deflections at top of the web for Option 4 of Bridge No.1 
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(c) Girder 3 

Figure C.19(continued) Deflections at top of the web for Option 4 of Bridge No.1 
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(d) Girder 4 

Figure C.19(continued) Deflections at top of the web for Option 4 of Bridge No.1 
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(e) Girder 5 

Figure C.19(continued) Deflections at top of the web for Option 4 of Bridge No.1 
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C.2.5 Option 5 

(a) Girder 1 

Figure C.20 Deflections at top of the web for Option 5 of Bridge No.1 
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(b) Girder 2 

Figure C.20(continued) Deflections at top of the web for Option 5 of Bridge No.1 
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(c) Girder 3 

Figure C.20(continued) Deflections at top of the web for Option 5 of Bridge No.1 
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(d) Girder 4 

Figure C.20(continued) Deflections at top of the web for Option 5 of Bridge No.1 
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(e) Girder 5 

Figure C.20(continued) Deflections at top of the web for Option 5 of Bridge No.1 
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D. Sectional Stresses and Girder Deflections of Bridge No. 2— 

S880/W237 Connector Separation (Bridge No. 37-0570F) 
D.1 Sectional Stresses in Two Replacement Options 

D.1.1 Option 1 

(a) Stage 2 

(b) Stage 3 

Figure D.1 Sectional stresses at 0.4Span of Span 1 for Option 1 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.1(continued) Sectional stresses at 0.4Span of Span 1 for Option 1 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.1(continued) Sectional stresses at 0.4Span of Span 1 for Option 1 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.1(continued) Sectional stresses at 0.4Span of Span 1 for Option 1 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.1(continued) Sectional stresses at 0.4Span of Span 1 for Option 1 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.2 Sectional stresses over Bent 2 for Option 1 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.3 Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.4 Sectional stresses over Bent 3 for Option 1 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.5 Sectional stresses at 0.4Span of Span 3 for Option 1 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.5(continued) Sectional stresses at 0.4Span of Span 3 for Option 1 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.5(continued) Sectional stresses at 0.4Span of Span 3 for Option 1 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.5(continued) Sectional stresses at 0.4Span of Span 3 for Option 1 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.5(continued) Sectional stresses at 0.4Span of Span 3 for Option 1 of bridge No.2 
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D.1.2 Option 2 

(a) Stage 2 

(b) Stage 3 

Figure D.6 Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.6(continued) Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.6(continued) Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.6(continued) Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.6(continued) Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(k) Stage 12 

(l) Stage 13 

Figure D.6(continued) Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(m) Stage 14 

(n) Stage 15 

Figure D.6(continued) Sectional stresses at 0.4Span of Span 1 for Option 2 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.7 Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(k) Stage 12 

(l) Stage 13 

Figure D.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(m) Stage 14 

(n) Stage 15 

Figure D.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.8 Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(k) Stage 12 

(l) Stage 13 

Figure D.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(m) Stage 14 

(n) Stage 15 

Figure D.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.9 Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(k) Stage 12 

(l) Stage 13 

Figure D.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(m) Stage 14 

(n) Stage 15 

Figure D.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.2 
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(a) Stage 2 

(b) Stage 3 

Figure D.10 Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 
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(c) Stage 4 

(d) Stage 5 

Figure D.10(continued) Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 
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(e) Stage 6 

(f) Stage 7 

Figure D.10(continued) Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 
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(g) Stage 8 

(h) Stage 9 

Figure D.10(continued) Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 
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(i) Stage 10 

(j) Stage 11 

Figure D.10(continued) Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 

360 



 

 

   

 

   

               

 

(k) Stage 12 

(l) Stage 13 

Figure D.10(continued) Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 
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(m) Stage 14 

(n) Stage 15 

Figure D.10(continued) Sectional stresses at 0.4Span of Span 3 for Option 2 of bridge No.2 

362 



 

           

   

 

   

              

 

D.2 Deflections at Top of the Web in Two Replacement Options 
D.2.1 Option 1 

(a) Girder 1 

Figure D.11 Deflections at top of the web for Option 1 of bridge No.2 
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(b) Girder 2 

Figure D.11(continued) Deflections at top of the web for Option 1 of bridge No.2 
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(c) Girder 3 

Figure D.11(continued) Deflections at top of the web for Option 1 of bridge No.2 
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(d) Girder 4 

Figure D.11(continued) Deflections at top of the web for Option 1 of bridge No.2 
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(e) Girder 5 

Figure D.11(continued) Deflections at top of the web for Option 1 of bridge No.2 
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D.2.2 Option 2 

(a) Girder 1 

Figure D.12 Deflections at top of the web for Option 2 of bridge No.2 
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(b) Girder 2 

Figure D.12(continued) Deflections at top of the web for Option 2 of bridge No.2 
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(c) Girder 3 

Figure D.12(continued) Deflections at top of the web for Option 2 of bridge No.2 
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(d) Girder 4 

Figure D.12(continued) Deflections at top of the web for Option 2 of bridge No.2 
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(e) Girder 5 

Figure D.12(continued) Deflections at top of the web for Option 2 of bridge No.2 
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E. Sectional Stresses and Girder Deflections of Bridge No. 3—26th 

Street Undercrossing (Bridge No. 24-223R/L) 
E.1 Sectional Stresses during Deck Replacement 

(a) Stage 2 

(b) Stage 3 

Figure E.1 Sectional stresses at mid-span of bridge No.3 
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(c) Stage 4 

(d) Stage 5 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(e) Stage 6 

(f) Stage 7 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(g) Stage 8 

(h) Stage 9 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(i) Stage 10 

(j) Stage 11 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(k) Stage 12 

(l) Stage 13 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(m) Stage 14 

(n) Stage 15 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(o) Stage 16 

(p) Stage 17 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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(q) Stage 18 

Figure E.1(continued) Sectional stresses at mid-span of bridge No.3 
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E.2 Deflections at Top of the Web 

(a) Girder 1 of the main structure 

Figure E.2 Deflections at top of the web for bridge No.3 
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(b) Girder 2 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(c) Girder 3 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(d) Girder 4 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(e) Girder 5 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(f) Girder 6 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(g) Girder 7 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(h) Girder 8 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(i) Girder 9 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(j) Girder 10 of the main structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(k) Girder 1 of the merging structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(l) Girder 2 of the merging structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(m) Girder 3 of the merging structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(n) Girder 4 of the merging structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(o) Girder 5 of the merging structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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(p) Girder 6 of the merging structure 

Figure E.2(continued) Deflections at top of the web for bridge No.3 
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F. Sectional Stresses and Girder Deflections of Bridge No. 4— 

Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 
F.1 Sectional Stresses in Four Replacement Options 

F.1.1 Option 1 

(a) Stage 2 

(b) Stage 3 

Figure F.1 Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.4 
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(c) Stage 4 

(d) Stage 5 

(e) Stage 6 

Figure F.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.4 
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(f) Stage 7 

(g) Stage 8 

(h) Stage 9 

Figure F.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.4 
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(i) Stage 10 

(j) Stage 11 

Figure F.1(continued) Sectional stresses at mid-span of Span 1 for Option 1 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.2 Sectional stresses over Bent 2 for Option 1 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.4 
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(j) Stage 11 

Figure F.2(continued) Sectional stresses over Bent 2 for Option 1 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.3 Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.3(continued) Sectional stresvses at mid-span of Span 2 for Option 1 of bridge No.4 
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(j) Stage 11 

Figure F.3(continued) Sectional stresses at mid-span of Span 2 for Option 1 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.4 Sectional stresses over Bent 3 for Option 1 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.4 
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(j) Stage 11 

Figure F.4(continued) Sectional stresses over Bent 3 for Option 1 of bridge No.4 

413 



 

 

   

 

   

 

   

               

(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.5 Sectional stresses at mid-span of Span 3 for Option 1 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.5(continued) Sectional stresses at mid-span of Span 3 for Option 1 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.5(continued) Sectional stresses at mid-span of Span 3 for Option 1 of bridge No.4 
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(j) Stage 11 

Figure F.5(continued) Sectional stresses at mid-span of Span 3 for Option 1 of bridge No.4 
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F.1.2 Option 2 

(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.6 Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.6(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.6(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.6(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.6(continued) Sectional stresses at mid-span of Span 1 for Option 2 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.7 Sectional stresses over Bent 2 for Option 2 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.7(continued) Sectional stresses over Bent 2 for Option 2 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.8 Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.8(continued) Sectional stresses at mid-span of Span 2 for Option 2 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.9 Sectional stresses over Bent 3 for Option 2 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.9(continued) Sectional stresses over Bent 3 for Option 2 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.10 Sectional stresses at mid-span of Span 3 for Option 2 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.10(continued) Sectional stresses at mid-span of Span 3 for Option 2 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.10(continued) Sectional stresses at mid-span of Span 3 for Option 2 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.10(continued) Sectional stresses at mid-span of Span 3 for Option 2 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.10(continued) Sectional stresses at mid-span of Span 3 for Option 2 of bridge No.4 
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F.1.3 Option 3 

(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.11 Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.11(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.11(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.11(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.11(continued) Sectional stresses at mid-span of Span 1 for Option 3 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.12 Sectional stresses over Bent 2 for Option 3 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.12(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.12(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.12(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.12(continued) Sectional stresses over Bent 2 for Option 3 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.13 Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.13(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.13(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.13(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.13(continued) Sectional stresses at mid-span of Span 2 for Option 3 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.14 Sectional stresses over Bent 3 for Option 3 of bridge No.4 

458 



 

 
   

 
   

 
   

             

(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.14(continued) Sectional stresses over Bent 3 for Option 3 of bridge No.4 

459 



 

 

   

 

   

 

   

             

(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.14(continued) Sectional stresses over Bent 3 for Option 3 of bridge No.4 

460 



 

 

   

 

   

 

   

             

(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.14(continued) Sectional stresses over Bent 3 for Option 3 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.14(continued) Sectional stresses over Bent 3 for Option 3 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.15 Sectional stresses at mid-span of Span 3 for Option 3 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.15(continued) Sectional stresses at mid-span of Span 3 for Option 3 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.15(continued) Sectional stresses at mid-span of Span 3 for Option 3 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.15(continued) Sectional stresses at mid-span of Span 3 for Option 3 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.15(continued) Sectional stresses at mid-span of Span 3 for Option 3 of bridge No.4 
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F.1.4 Option 4 

(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.169 Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.16(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.16(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.16(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.16(continued) Sectional stresses at mid-span of Span 1 for Option 4 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.17 Sectional stresses over Bent 2 for Option 4 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.17(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.17(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.17(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.17(continued) Sectional stresses over Bent 2 for Option 4 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.18 Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.18(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.18(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.4 

480 



 

 

   

 

   

 

   

               

(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.18(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.18(continued) Sectional stresses at mid-span of Span 2 for Option 4 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.19 Sectional stresses over Bent 3 for Option 4 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.19(continued) Sectional stresses over Bent 3 for Option 4 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.19(continued) Sectional stresses over Bent 3 for Option 4 of bridge No.4 

485 



 

 

   

 

   

 

   

             

(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.19(continued) Sectional stresses over Bent 3 for Option 4 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.19(continued) Sectional stresses over Bent 3 for Option 4 of bridge No.4 
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(a) Stage 2 

(b) Stage 3 

(c) Stage 4 

Figure F.20 Sectional stresses at mid-span of Span 3 for Option 4 of bridge No.4 
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(d) Stage 5 

(e) Stage 6 

(f) Stage 7 

Figure F.20(continued) Sectional stresses at mid-span of Span 3 for Option 4 of bridge No.4 
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(g) Stage 8 

(h) Stage 9 

(i) Stage 10 

Figure F.20(continued) Sectional stresses at mid-span of Span 3 for Option 4 of bridge No.4 
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(j) Stage 11 

(k) Stage 12 

(l) Stage 13 

Figure F.20(continued) Sectional stresses at mid-span of Span 3 for Option 4 of bridge No.4 
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(m) Stage 14 

(n) Stage 15 

Figure F.20(continued) Sectional stresses at mid-span of Span 3 for Option 4 of bridge No.4 
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F.2 Deflections at Top of the Web in Four Replacement Options 
F.2.1 Option 1 

(a) Girder 1 

Figure F.21 Deflections at top of the web for Option 1 of bridge No.4 
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(b) Girder 2 

Figure F.21(continued) Deflections at top of the web for Option 1 of bridge No.4 
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(c) Girder 3 

Figure F.21(continued) Deflections at top of the web for Option 1 of bridge No.4 
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(d) Girder 4 

Figure F.21(continued) Deflections at top of the web for Option 1 of bridge No.4 
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(e) Girder 5 

Figure F.21(continued) Deflections at top of the web for Option 1 of bridge No.4 
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F.2.2 Option 2 

(a) Girder 1 

Figure F.22 Deflections at top of the web for Option 2 of bridge No.4 
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(b) Girder 2 

Figure F.22(continued) Deflections at top of the web for Option 2 of bridge No.4 
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(c) Girder 3 

Figure F.22(continued) Deflections at top of the web for Option 2 of bridge No.4 
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(d) Girder 4 

Figure F.22(continued) Deflections at top of the web for Option 2 of bridge No.4 
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(e) Girder 5 

Figure F.22(continued) Deflections at top of the web for Option 2 of bridge No.4 
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F.2.3 Option 3 

(a) Girder 1 

Figure F.23 Deflections at top of the web for Option 3 of bridge No.4 
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(b) Girder 2 

Figure F.23(continued) Deflections at top of the web for Option 3 of bridge No.4 
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(c) Girder 3 

Figure F.23(continued) Deflections at top of the web for Option 3 of bridge No.4 
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(d) Girder 4 

Figure F.23(continued) Deflections at top of the web for Option 3 of bridge No.4 
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(e) Girder 5 

Figure F.23(continued) Deflections at top of the web for Option 3 of bridge No.4 
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F.2.4 Option 4 

(a) Girder 1 

Figure F.24 Deflections at top of the web for Option 4 of bridge No.4 
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(b) Girder 2 

Figure F.24(continued) Deflections at top of the web for Option 4 of bridge No.4 
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(c) Girder 3 

Figure F.24(continued) Deflections at top of the web for Option 4 of bridge No.4 
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(d) Girder 4 

Figure F.24(continued) Deflections at top of the web for Option 4 of bridge No.4 
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(e) Girder 5 

Figure F.24(continued) Deflections at top of the web for Option 4 of bridge No.4 
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	Charpter 1 Introduction 
	1.1 Background 
	Post-tensioned box-girder concrete bridges are the most common type of short and medium span bridges in California. Currently, nearly 7000 state-owned bridges of post-tensioned box-girder design are in service [1]. In these types of bridges, the box-girder is efficiently proportioned to reduce the self-weight while maintaining a relatively large bending stiffness and torsional rigidity. The use of post-tensioning in box-girder bridges allows a longer span design and provides an effective means of controllin
	While post-tensioned box-girder bridges have served the transportation system well, with many of them been in service for well over 50 years, deck deterioration has become increasingly a maintenance issue. Typical deck damage includes spalling, delamination or cracking of the concrete and corrosion of reinforcement [2]. While some deck deterioration may be attributed to increased traffic volume or vehicular loads, others may be attributed to poor construction practice such as inadequate compaction of concre
	Issues related to the replacement of damaged bridge decks were examined in this study. Since the deck is an integral part of the load-resisting mechanism, replacement of post-tensioned box-girder bridge decks needs special attention as large prestressing forces are being locked in by the 
	post-tensioning in the superstructure. Careful considerations must therefore be made during 
	replacement, especially for stress reversals or redistribution that can create unfavorable stress conditions detrimental to the structure. Since most of the deck-replacements are expected to be carried out while the bridge is in service of the traffic, attention must also be paid to logistical issues that may arise during replacement, and these issues include the scheduling of lane closure and re-routing of traffic. Efforts must be made to minimize the disruption to the flow of traffic during lane closure a
	1.2 Review of Relevant Research 
	The need for replacement of damaged bridge decks is not unique to California. Several states in the United States have successfully conducted deck replacement, but their replacements were mostly carried out on concrete-steel composite/non-composite bridges [3–8]. A notable exception was a study conducted by Reppi and Sanders, who investigated the feasibility of deck replacement in cast-in-place post-tensioned box-girder bridges in Nevada [9]. In their study, four post-tensioned concrete box-girder bridges w
	continuous skewed bridges (one two-span and one three-span). An objective of their study was to 
	determine if stresses in the extreme fibers would remain below the permissible compressive and tensile stress limits during deck removal and replacement. It should be noted that a compressive 
	 
	stress limit of 0.7𝑓was adopted by Reppi and Sanders [9], which was about 17% higher than the  
	 

	AASHTO compressive stress limit of 0.6𝑓, where 𝑓is the 28-day compressive strength of the concrete. The higher compressive stress limit was justified on the basis of deck removal and replacement being only temporary. Their adopted tensile stress limit was the same as the tensile 
	 
	StyleSpan
	 

	stress limit in AASHTO, i.e., 0.19for the serviceability limit state, where 𝑓is to be evaluated in ksi units (see Table 5.9.4.2.2 of AASHTO Specifications [10]). For the two simple-span bridges, it was found that the critical compressive stresses at mid-span exceeded the compressive stress limit of 0.7𝑓when the entire deck was removed and replaced at once. External post-tensioning at the soffit of the bridge was investigated as a possible mitigating measure to reduce the critical compressive stress. An eq
	𝑓
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	StyleSpan
	 

	stress limit of 0.19(ksi) during deck replacement. Despite the addition of external straight tendons to the soffit, which would provide a constant prestressing force and a constant eccentricity to the superstructure, tensile stresses in the deck continued to exceed the tensile stress limit near the bents. It was suggested, in passing, that the critical tensile stress over the bents can be mitigated 
	𝑓
	StyleSpan
	 

	by providing shoring during the deck replacement. However, the feasibility of providing shoring 
	to bridge crossings, particularly in high traffic volume areas, remained unclear and not addressed in the report. 
	1.3 Objectives and Scope 
	This project investigated various options that may be implemented to permit a safe deck replacement without relying on any falsework support under the superstructure spans. The objective was to extend the service life of aging concrete box-girder bridges in California. The goal of the study was achieved by incorporating the following details: 
	1. 
	1. 
	1. 
	For each of the selected bridges, feasible scheduling strategies for lane closure and rerouting were developed. Options included longitudinal replacement sequences as well as the extent of deck replacement in each sequence. 
	-


	2. 
	2. 
	Detailed 3D finite element models were developed for post-tensioned box-girder bridges. Different construction stages and time-dependent material properties were incorporated into the model. Effects from changes in dead load during deck replacement as well as from live loads acting on the new deck were quantified. 

	3. 
	3. 
	Critical stresses developed during deck removal and reconstruction were compared with the current design stress limits. These transient stresses were also compared with the stresses before deck removal. Superstructure deflections were examined at different stages of the replacement to provide an indication of the magnitude of upward or downward deflection during the rehabilitation. 


	1.4 Analysis Tools 
	Computer software capable of reflecting the construction stages of deck removal and reconstruction was required for the analysis. A commercial program, CSiBridge (2017) [11], was 
	selected as the computational platform. A feature representing staged construction, which was 
	available in the program, allowed the sequence of deck removal and reconstruction to be simulated in the software. Vehicular loads consisting of AASHTO HL-93 was adopted for the live load analysis. Specifically, AASHTO LRFD vehicles consisting of HL-93K, HL-93M and HL-93S, which were available in CSiBridge (2017), were used. Time-dependent concrete and steel properties were incorporated to capture the long-term conditions of the bridge. 
	1.5 AASHTO Stress and Deflection Limits 
	Stresses and deflections are important criteria for assessing the performance of the bridge during and after deck replacement. To that end, permissible limits specified by the current AASHTO Specifications [10] are used for comparison with the computed maximum stresses and deflections during replacement and extended service life of the bridge. The relevant AASHTO Specifications [10] limits are reproduced in the table below: 
	Table 1.1 AASHTO Limits [10] 
	1.6 Organization of Report 
	This report is organized into the following five chapters: 
	● Chapter 1—Introduction 
	The background of this research is introduced, followed by a summary of previous deck replacement research. Pertinent issues arising from bridge deck replacement are highlighted. Objectives and scope of the study are outlined, and methodologies and analysis tools are 
	described. 
	● Chapter 2—Post-tensioned Box-girder Bridges Selected for the study 
	The set of post-tensioned box-girder bridges selected for the study are described in this chapter. Bridge geometry and details pertinent to finite element modeling are discussed. Strategies for lane closure and re-routing for each of the selected bridges are presented. Feasible options for longitudinal sequences of deck replacement are described. 
	● Chapter 3—Details of Finite Element Models 
	Details of 3D finite element models, developed using CSiBridge (2017), are described. The sequence of deck removal and reconstruction, were carefully modeled using the staged construction feature in the program. AASHTO HL-93 live load was imposed in each of the replacement stages. The assumed time-dependent properties of concrete and steel are described. Procedures for extracting stresses and deflections from the finite element models are illustrated. 
	● Chapter 4—Analysis Results 
	For each of the replacement options considered for the bridge, stresses at critical nodes were tracked through all construction stages. Stresses were extracted for the top and bottom fibers and at the top of the webs. Vertical displacements that were computed at the top of the webs were used to represent the overall deflection of the bridge. Stresses and deflections were compared with the design limits to examine their criticality during replacement. 
	● Chapter 5—Conclusions and Recommendations 
	Finite element results from four selected bridges are summarized. Recommendations for further investigation are also made. 
	● 
	● 
	● 
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	Charpter 2 
	Post-Tensioned Concrete Box-Girder Bridges for Deck Replacement—Details 
	2.1 Preliminary 
	Four as-built box-girder bridges, representative of typical post-tensioned construction in California, were selected for detailed deck replacement analysis. The set of selected bridges were: 
	(i) 
	(i) 
	(i) 
	one two-span continuous straight bridge (span lengths = 207.5 feet and 210.5 feet) 

	(ii) 
	(ii) 
	one three-span curved bridge (span lengths = 124.7, 179.8 and 154.9 feet and radius = 


	1164.7 feet) 
	(iii) one wide simply-supported bridge (span length = 120 feet) 
	(iv) one three-span skewed bridge (span lengths = 51, 132 and 51 feet and skew = 59°24'28") 
	As noted in Chapter 1, the sequence of transverse and longitudinal replacements is important for logistic reasons. The transverse replacement sequence often requires lane closure and realignment or re-routing to minimize traffic disruption, while the longitudinal replacement sequence depends on contractor’s ability to remove the old deck and casting of a new deck quickly. Of equal importance are the magnitudes of stress increase and span deflection generated by the staging of the transverse and longitudinal
	-

	In formulating the deck replacement options for the four selected bridges, four assumptions 
	were made regarding the strategy: 
	(i
	(i
	(i
	(i
	) 

	Use of couplers to connect reinforcing bars for different casts of the new deck 
	Use of couplers to connect reinforcing bars for different casts of the new deck 


	Although lap-splices are commonly used in bridge decks, their deployment may reduce the available lane width during lane closure. For example, the current AASHTO Specification [10] requires a lap-splice length of 45 times the diameter for rebar size of # 8 or smaller. Thus for #5 reinforcing bar, which is a common bar size for bridge decks in California, a lap-splice length of 28 inches would be required. On the other hand, construction experience in California shows that the use of couplers in bridge decks

	(ii) 
	(ii) 
	(ii) 

	Use of barrier rails for lane division 
	Use of barrier rails for lane division 



	Barrier rails are often needed during deck replacement to guide traffic within the designated lanes. When a portion of the deck is being removed, barrier rails are needed for safety, and these units are typically placed near the edge of the existing old deck to accommodate the re-routed traffic. After the new deck has been constructed, barrier rails are re-positioned to the edge of the new deck when traffic is re-routed onto the new deck. Barrier rails are therefore treated as a movable “dead” load to be pl
	(iii) 
	(iii) 
	Provision of falsework support for the new concrete deck 

	As noted earlier, the deck replacement methodology adopted in this study assumed that a gap was needed to accommodate the couplers of the reinforcing bars between the new and old concrete decks. The gap, which had been assumed to be 12 inches, typically extends from the face of the web (for example, see stage 2 in Figure 2.3(c)), and the gap would result in significant overhang of the deck before the entire deck is fully connected. One concern arising from the unconnected deck was the potentially large stre
	(iv) 
	New concrete deck properties 

	While high-performance concrete was certainly an attractive option for more durable deck replacement, its consideration was not included in this study. As the emphasis of this study was to study the feasibility of deck replacement in post-tensioned box-girder bridges without the use of falsework for superstructure span, the new deck would be assumed to be constructed of normal cast-in-place concrete with mechanical properties comparable with the old concrete of the box-girders. In essence, the same concrete
	2.2 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22147) 
	-

	2.2.1 Bridge Geometry 
	The Route 113/5 Separation Structure, serving as an interchange between California State Route 113 and Interstate Freeway 5 in the City of Woodland, CA, which was constructed in 1973, was selected as the first bridge for investigation of deck replacement. Figure 2.1 shows a photograph of the bridge viewed from below and looking north. The post-tensioned box-girder bridge was supported on a single-column bent, denoted as Bent 2 in the photograph. The structure was straight for 82% of its total length, but ha
	Figures 2.2(a) and (b) show the plan view and the cross-section of the box-girder. The superstructure was continuous over two spans with lengths of 207’-6” and 210’-6”. The width of the bridge was 41 feet, which had been designed to accommodate two 12 feet lanes with a 5 feet wide shoulder on the left and 10 feet wide shoulder on the right. A 12 inch wide crash barrier had been installed on either side of the deck, as shown in Figure 2.2(b). Structurally, the box-girder was constructed of four cells, with a
	8'-3' 
	Figure

	8'-3" 
	Figure

	8'-3" 
	Figure

	8'-3" 
	8'-3" 
	Figure

	4' 

	4' 
	Figure
	Figure

	Section A-A 
	(b) Cross-section Figure 2.2 Plan and cross-section of the Route 113/5 Separation Structure 
	2.2.2 Deck Replacement Options 
	● Transverse Replacement Sequence 
	Figures 2.3(a)–(f) show the transverse replacement sequence for the Route 113/5 Separation Structure, which was serving two lanes of north-bound traffic. The replacement strategy in this case assumed the removal and reconstruction of the deck on the two right cells first, reducing the two lanes to one. The process of deck replacement was repeated for the two left cells upon completing the new deck on the right. In Stage 1, as depicted in Figure 2.3(b), the deck on the right lane, which was approximately two
	Figures 2.3(a)–(f) show the transverse replacement sequence for the Route 113/5 Separation Structure, which was serving two lanes of north-bound traffic. The replacement strategy in this case assumed the removal and reconstruction of the deck on the two right cells first, reducing the two lanes to one. The process of deck replacement was repeated for the two left cells upon completing the new deck on the right. In Stage 1, as depicted in Figure 2.3(b), the deck on the right lane, which was approximately two
	2.3(f), represents the final stage transverse replacement sequence, where the K-rail was removed and the original 41 feet wide deck being fully restored. 

	41' 
	(a) The initial stage before deck replacement 
	(b) Stage 1 
	2' 6" 
	(d) Stage 3 Figure 2.3 Transverse replacement sequence for bridge No.1 (Route 113/5 Separation Structure) 
	(e) Stage 4 
	(f) Stage 5 — completed deck replacement 
	Figure 2.3(continued) Transverse replacement sequence for bridge No.1 (Route 113/5 Separation Structure) 
	● Longitudinal Replacement Sequence 
	Figures 2.4(a)–(e) show five possible options for implementation of the longitudinal replacement sequence for the Route 113/5 Separation Structure. The notation “Deck” and “Joint”, followed by a numeral, had been used to identifying the sequence of deck replacement in the longitudinal direction. The numbering system was useful for grouping of finite elements that were to be removed and added back to the model during staged construction in CSiBridge (2017). 
	In Option 1 shown in Figure 2.4(a), Deck 1 indicated that the deck on the right lane would be removed and replaced for both spans. The replacement was followed by Deck 2 which would involve the removal and replacement of the deck on both spans. Upon completion of the operation for Deck 2, Joint 1, simulating the connection of the new and newer decks, was executed to complete the deck replacement of Option 1. One can view this option as an “all-span replacement strategy,” which would have the advantage of sp
	Option 2 involved a “span-by-span replacement strategy”, where the deck was removed and reconstructed in one span each time. With a smaller portion of the deck being replaced and rebuilt (compared with Option 1), changes to the state of the bridge were expected to be less in this option. On the other hand, the time for completion was expected to be longer than that of Option 1 as a larger number of construction stages was involved. 
	Options 3 and 4 were refinements of the longitudinal replacement sequence, and could be viewed as “half-span replacement strategy.” In either option, only half of Span 1 or 2 would be replaced in each stage in the longitudinal direction. The two options, which assumed that the replacement sequence could proceed from either or both abutments, were intended to determine whether a more “balanced” strategy would minimize the span deflection and whether a smaller extent of deck removal would avoid significant st
	was first replaced and reconstructed in the negative moment region, followed by removal and 
	reconstruction in the positive moment region. If the deck in the negative moment region had deteriorated, prompting deck replacement, then stresses in that region would have been relieved from the damage in the deck, which would in turn mean that the removal and replacement of the deck in that region would have minimal impact on the stress states of the bridge. Using 𝐿1 and 𝐿2 to denote the length of Span 1 and 2, the extent of negative bending moment deck replacement was taken to be 0.25(𝐿1 + 𝐿2), leav
	(a) Option 1 
	(b) Option 
	(b) Option 
	2 

	(c) Option 
	(c) Option 
	3 

	(d) Option 
	(d) Option 
	4 

	(e) Option 
	(e) Option 
	5 

	Figure 2.4 Longitudinal replacement sequences for bridge No.1 (Route 113/5 Separation Structure) 
	 Combined Transverse and Longitudinal Sequences 
	The combination of the transverse replacement and longitudinal replacement sequences, as discussed in the previous sections, resulted in five overall replacement options for the Route 113/5 Separation Structure. Table 2.1 tabulates the stages needed for modeling by “staged construction” in CSiBridge (2017). The stage numbers in Table 2.1 were used to identify the different states in the model as a result of removing or adding deck elements and to designate a time when long-term stresses were to be calculate
	2.1 were different from that of the transverse replacement sequences in Figure 2.3. 
	Table 2.1(a) shows that Option 1 had 11 stages in total, representing the stages before, during, and after deck replacement and the stages during the service of the new deck from 5 and 50 years. Stage 1 represented the stage before deck replacement, in which only the dead load and prestressing force were applied to the bridge model. This initially loaded stage would be termed the reference stage, providing a baseline for subsequent comparison of stresses and deflections during and after replacement. In Stag
	Table 2.1(b) lists the different stages used in the finite element model for Option 2. As noted in Section 2.2.2, Option 2 represented a “span-by-span replacement strategy.” Stage 1 also 
	Table 2.1(b) lists the different stages used in the finite element model for Option 2. As noted in Section 2.2.2, Option 2 represented a “span-by-span replacement strategy.” Stage 1 also 
	corresponded to the reference stage, same as Option 1, where only the dead load and prestressing forces were applied to the structure. “Deck 1 and Joint 1” were removed together in stage 2, followed by casting of new concrete for only “Deck 1” in Stage 3. Similar to the steps in Option 1, “Deck 2 and Joint 2” were removed together in Stage 4, followed by reconstruction of only “Deck 2” in Stage 5. In the replacement of the left lane, old concrete in “Deck 3” was removed in Stage 6, followed by reconstructio

	9. Stages 10 to 15 were included in the staged construction to monitor the long-term stresses and deflections for ages t = 5, 10, 20, 30, 40 and 50 years after deck replacement. 
	In Options 3 and 4, both of which adopted the “half-span replacement strategy,” the number of stages increased to 23, as shown in Table 2.1(c). Note that interchanging Deck 2 with Deck 4, Deck 6 with Deck 8, and Joint 2 with Joint 4 of Option 3 would result in Option 4. 
	In Option 5, the “negative-moment-region-first replacement strategy,” the replacement process started from the negative bending moment region, followed by replacement in the positive moment region. The numbering of different stages for Option 5 is listed in Table 2.1(d). Note that the small letters “a” or “b” have been appended to the deck number to signify that decks with the same letter would be removed or reconstructed together. For example, “Deck 2a” and “Deck 2b”, or “Joint 2a” and “Joint 2b”, were rem
	Table 2.1 Replacement options for bridge No.1 (Route 113/5 Separation Structure) 
	(a) Option 1 (all-span replacement strategy) 
	(b) Option 2 (span-by-span replacement strategy) 
	Table 2.1(continued) Replacement options for bridge No.1 (Route 113/5 Separation Structure) 
	(c) Options 3 and 4 (half-span replacement strategy) 
	Table 2.1(continued) Replacement options for bridge No.1 (Route 113/5 Separation Structure) 
	(d) Option 5 (negative-moment-region-first replacement strategy) 
	Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 7 days after placement 
	2.3 Bridge No.2—S880/W237 Connector Separation (Bridge No. 370570F) 
	-

	2.3.1 Bridge Geometry 
	The second bridge selected for the study was the S880/W237 Connector Separation, which was constructed in 2001. The structure, which connected Interstate Freeway 880 to California State Route 237 in the city of Milpitas, California, was a curved three-span continuous bridge with a horizontal radius of 1164.7 feet. The structure, currently serving two lanes of southbound traffic, was supported by two twin-flared column bents as shown in the photograph in Figure 2.5. The plan view of the structure in Figure 2
	-

	Figure 2.5 S880/W237 Connector Separation (Bridge No. 37-0570F) 
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	(b) Cross-section Figure 2.6 Plan and cross-sectional views of bridge No.2 (S880/W237 Connector Separation) 
	2.3.2 Deck Replacement Options 
	● Transverse Replacement Sequence 
	The transverse replacement sequence for the S880/W237 Connector Separation was similar to the Route 113/5 Separation Structure as both structures were serving the same number of traffic lanes. Figure 2.7(a) shows the reference stage before deck replacement, while Figure 2.7(b) shows Stage 1, where the deck for the right lane, approximately two cells wide with a width of 28’-10”, was first removed together with the barrier. The removed deck was assumed to align with the right edge of the middle girder. A 2 f
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	58'-8" 
	(a) The stage before deck replacement 
	28'-10" 1'-9" 25'-7" 27'-1" 1'-9" 
	Figure

	2' 6" 
	(b) Stage 1 
	(c) Stage 2 Figure 2.7 Transverse replacement sequence for bridge No.2 (S880/W237 Connector Separation) 
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	Figure 2.7(continued) Transverse replacement sequence for bridge No.2 (S880/W237 Connector Separation) 
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	● Longitudinal Replacement Sequence 
	For the S880/W237 Connector Separation, two longitudinal replacement options were considered, and these options are shown in Figure 2.8. Option 1 was an “all-span replacement strategy,” and Option 2 was a “negative-moment-region-first replacement strategy.” These two options were similar to Options 1 and 5 of the first bridge, thus further details would not be presented here. In Option 2, the negative moment regions (over Bents 2 and 3) were given by 0.25(𝐿1 + 𝐿2) and 0.25(𝐿2 + 𝐿3), respectively, where 
	(a) Option 1 
	(b) Option 2 Figure 2.8 Longitudinal replacement sequences for bridge No.2 (S880/W237 Connector Separation) 
	 Combined Transverse and Longitudinal Sequences 
	As noted before, the overall replacement options were a combination of transverse and longitudinal replacement sequences. Table 2.2 summarizes the two overall replacement options for the S880/W237 Connector Separation. Option 1 had a total of 11 stages and was the same as Option 1 of the Route 113/5 Separation Structure (the first bridge). In Option 2, i.e., “negative-momentregion-first replacement strategy,” deck replacement started in the negative bending moment region, followed by deck replacement in the
	-

	Table 2.2 Two replacement options for bridge No.2 (S880/W237 Connector Separation) 
	(a) Option 1 (all-span replacement strategy) 
	(b) Option 2 (negative-moment-region-first replacement strategy) 
	Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 7 days after placement 
	2.4 Bridge No.3—26Street Undercrossing (Bridge No. 24-223 R/L) 
	th 

	2.4.1 Bridge Geometry 
	The third bridge in the study was the 26th Street Undercrossing in Sacramento, California. The undercrossing, which served the traffic on US Route 50, consisted of a northern structure carrying three westbound lanes and two merging lanes and a southern structure carrying four eastbound lanes. As the northern and southern structures were similar, this study investigated only the deck replacement for the northern structure. A photograph of the northern structure of the undercrossing is shown in Figure 2.9. 
	Both the merging and main westbound spans of the northern structure of the 26th Street Undercrossing had a length of 120 feet. Figures 2.10(a) and (b) show the plan view and the cross-section of the structure. The merging structure was constructed of five cells box-girder, serving two traffic lanes merging into Route US 50 and one 8 feet shoulder on the left. The westbound structure had a total of nine cells, serving three traffic lanes and 10 feet shoulder on the left and 8 feet shoulder on the right. A re
	120' 
	Figure

	37' Varies 67' 
	Figure

	Abutment 1 
	Abutment 2 
	A 

	(a) Plan 
	Varies 
	37' 
	Figure

	67' 
	Figure
	Figure

	Varies 
	1' 
	Figure
	Figure
	Figure
	Figure
	Figure

	1
	1
	Figure
	' 

	8' 

	28' 
	10' 
	48' 
	Figure

	8' 
	Figure

	Two merging lanes Three westbound lanes in Highway 50 
	2'-6" 3'-5" Varies 3'-5"2'-8"2'-6" Section A-A 
	(b) Cross-section Figure 2.10 Plan and cross-sectional views of bridge No. 3 (26Street Undercrossing) 
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	2.4.2 Deck Replacement Option 
	● Transverse Replacement Sequence 
	The approach to deck replacement in this simply-supported bridge was similar to that of the previous two bridges in the transverse direction. The entire deck was replaced transversely in stages from one side to the other side, employing K-rails for re-routing as well as falsework inside the cell to support newly constructed slabs. Figure 2.11(a) shows the reference stage of the structure before replacement. Note that the merging structure was 37 feet wide and the westbound structure was 67 feet wide. 
	In Stage 1 replacement, it was proposed that the deck serving the left lane of the merging structure be replaced first. The width of the deck to be replaced was approximately three-cell wide, or a width of 21’-7”, and a cut was made to the left of a middle girder as shown in Figure 2.11(b). The 2 feet wide K-rail was assumed to be placed 6 in from the left edge of the existing deck of the merging structure. In Stage 2, falsework was used to support the newly cast deck and a 12 in wide gap was similarly used
	(e) Stage 4 Figure 2.11 Transverse replacement sequence for bridge No.3 (26Street Undercrossing) 
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	(j) Stage 9 Figure 2.11(continued) Transverse replacement sequence for bridge No.3 (26Street Undercrossing) 
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	(m) Stage 12 Figure 2.11(continued) Transverse replacement sequence for bridge No.3 (26Street Undercrossing) 
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	● 
	● 
	● 
	● 
	Longitudinal Replacement Sequences 

	Considering the relatively short span of the 26th Street Undercrossing, the “all-span replacement strategy” was deemed appropriate in the longitudinal direction. This meant deck removal and reconstruction would be executed for the entire 120 feet span, as illustrated in Figure 2.12. 

	● 
	● 
	Combined Transverse and Longitudinal Sequences Since only one longitudinal replacement sequence was considered for the 26Street Undercrossing, the overall replacement option was relatively simple, which essentially followed 
	th 



	that of the transverse replacement sequence. Table 2.3 summarizes the replacement options for the northern structure of the undercrossing. 
	Table 2.3 Replacement option for bridge No. 3 (26Street Undercrossing) 
	th 

	Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 7 days after placement 
	Bridge No.4—Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 
	2.4.3 Bridge Geometry 
	The fourth bridge in the study was the Pioneer Avenue Undercrossing in Woodland, CA. The bridge was constructed in the mid-1970s as part of the development of the Interstate 5 Freeway system. The bridge was a three-span continuous skewed bridge, as seen in the photograph in Figure 
	2.13. It should be noted that the flared columns was integrally connected to the superstructure and had been modeled as such in the finite element model. 
	The Pioneer Avenue Undercrossing had span lengths of 51, 132 and 51 feet and a significant skew angle of 59°24’28”, as shown in the plan in Figure 2.14(a). The width of the box-girder was 41 feet, designed to accommodate two northbound lanes and a 5 feet shoulder on the left and 10 feet shoulder on the right. The cross-section of the structure is shown in Figure 2.14(b). 
	(a) Plan 
	41' 
	(b) Cross-section Figure 2.14 Plan and cross-sectional views of bridge No.4 (Pioneer Avenue Undercrossing) 
	2.4.4 Deck Replacement Options 
	● Transverse Replacement Sequence 
	Unlike the previous three bridges where only one transverse replacement sequence was proposed, two transverse replacement sequences were considered for the Pioneer Avenue Undercrossing because of the skew. The first transverse replacement sequence followed the transverse sequence of the first and second bridges, and the transverse replacement sequence is shown in Figures 2.15(a)–(f). In essence, the deck on the two right cells were first removed and replaced, followed by the left two cells. On the other han
	(a) The stage before deck replacement 
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	Figure 2.15 The first transverse replacement sequence of bridge No.4 (Pioneer Avenue Undercrossing) 
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	Figure 2.15(continued) The first transverse replacement sequence of bridge No.4 (Pioneer Avenue Undercrossing) 
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	(e) Stage 4 Figure 2.16 The second transverse replacement sequence of bridge No.4 (Pioneer Avenue Undercrossing) 
	(f) Stage 5 Figure 2.16(continued) The second transverse replacement sequence of bridge No.4 (Pioneer Avenue Undercrossing) 
	● Longitudinal Replacement Sequences 
	For the Pioneer Avenue Undercrossing, four longitudinal replacement sequences were proposed as shown in Figures 2.17(a)–(d). The first three options were similar to that of the second bridge and used the first transverse replacement sequence. Option 1 corresponded to the “all-span replacement strategy,” while Option 2 corresponded to the “positive-moment-region-first replacement strategy,” and Option 3 was the “negative-moment-region-first replacement strategy.” On the other hand, Option 4 followed the seco
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	Figure 2.17 Longitudinal replacement sequences of bridge No. 4 (Pioneer Avenue Undercrossing) 
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	Figure 2.1 Route 113/5 Separation Structure (Bridge No. 22-147) 
	Figure 2.1 Route 113/5 Separation Structure (Bridge No. 22-147) 
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	Removing Deck 1 & Joint 
	Deck replacement procedures 
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	Rebuilding Deck 1 (see footnote 1) 
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	Removing Deck 2 

	5 
	5 
	Rebuilding Deck 2 & Joint (see footnote 1) 
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	Before deck replacement 
	Reference stage 
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	Removing Deck 1 & Joint 1 
	Deck replacement procedures 
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	Rebuilding Deck 1 (see footnote 1) 
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	Removing Deck 2 & Joint 2 
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	Rebuilding Deck 2 (see footnote 1) 
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	Removing Deck 3 
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	Rebuilding Deck 3 & Joint 1 (see footnote 1) 
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	Rebuilding Deck 4 & Joint 2 (see footnote 1) 
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	Long-term effects 


	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1 & Joint 1 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1 (see footnote 1) 

	4 
	4 
	Removing Deck 2 & Joint 2 

	5 
	5 
	Rebuilding Deck 2 (see footnote 1) 

	6 
	6 
	Removing Deck 3 & Joint 3 

	7 
	7 
	Rebuilding Deck 3 (see footnote 1) 

	8 
	8 
	Removing Deck 4 & Joint 4 

	9 
	9 
	Rebuilding Deck 4 (see footnote 1) 

	10 
	10 
	Removing Deck 5 

	11 
	11 
	Rebuilding Deck 5 & Joint 1 (see footnote 1) 

	12 
	12 
	Removing Deck 6 

	13 
	13 
	Rebuilding Deck 6 & Joint 2 (see footnote 1) 

	14 
	14 
	Removing Deck 7 

	15 
	15 
	Rebuilding Deck 7 & Joint 3 (see footnote 1) 

	16 
	16 
	Removing Deck 8 

	17 
	17 
	Rebuilding Deck 8 & Joint 4 (see footnote 1) 

	18–23 
	18–23 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1 & Joint 1 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1 (see footnote 1) 

	4 
	4 
	Removing Deck 2a, 2b & Joint 2a, 2b 

	5 
	5 
	Rebuilding Deck 2a, 2b (see footnote 1) 

	6 
	6 
	Removing Deck 3 

	7 
	7 
	Rebuilding Deck 3 & Joint 1 (see footnote 1) 

	8 
	8 
	Removing Deck 4a, 4b 

	9 
	9 
	Rebuilding Deck 4a, 4b & Joint 2a, 2b (see footnote 1) 

	10–15 
	10–15 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	1'-9" 1'-9" 9'-10" 9'-10" 35'-4" Shoulder Two Lanes Shoulder 
	Figure
	Removal of deck for right lane Krail Barrier 
	Starter bars for lap-splice 1'-9" 1'-9" New deck for right lane 25'-7" 2' 6" Krail Barrier Gap Falsework support 1' 26'-1" 
	1'-9" 1'-9" New right lane opened to traffic 28'-1" Removal of deck for left lane 1' 9'-10" 14'-3" 2' 
	1'-9" New right lane opened to traffic New deck for left lane 9'-10" Deck rebars connected by couplers 30'-10" 2' 14'-3" 
	Figure
	Figure
	Shoulder New deck with two lanes Shoulder Cold joint 
	Abutment1 Bent 2 Abutment4 Deck 2 Deck 1 Joint 1 
	Abutment1 Bent 2 Abutment4 0.75L1 0.25(L1+L2) 0.5L2 0.25(L2+L3) 0.75L3 Deck4c Deck 4b Deck 1a Deck 1b Deck2a Deck 2b Deck2c Joint 2b Joint2c Joint2a Deck4a Deck 3a Joint 1a Joint 1b Deck 3b 
	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1 & Joint 1 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1 (see footnote 1) 

	4 
	4 
	Removing Deck 2 

	5 
	5 
	Rebuilding Deck 2 & Joint 2 (see footnote 1) 

	6–11 
	6–11 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1a, 1b & Joint 1a, 1b 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1a,1b (see footnote 1) 

	4 
	4 
	Removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 

	5 
	5 
	Rebuilding Deck 2a, 2b, 2c (see footnote 1) 

	6 
	6 
	Removing Deck 3a, 3b 

	7 
	7 
	Rebuilding Deck 3a, 3b & Joint 1a, 1b (see footnote 1) 

	8 
	8 
	Removing Deck 4a, 4b, 4c 

	9 
	9 
	Rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c (see footnote 1) 

	10–15 
	10–15 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	Figure
	Figure 2.9 26Street Undercrossing (Bridge No. 24-223R/L) 
	Figure 2.9 26Street Undercrossing (Bridge No. 24-223R/L) 
	th 



	Figure
	A Merging Structure Westbound Structure 
	Figure
	Figure
	Figure
	Figure
	4@7'=28'-0" 6.25" 6" -2% -2% 1' 10" 4'-9" 1'-3" 1'-3" 4@7'=28'-0" 2'-8" Connecting slab 1" Gap 
	1' 
	1' 
	1' 
	8' 
	37' 28' Two merging lanes -2% 
	Varies 67' Varies 10' 48' Three westbound lanes in Highway 50 1'-3" 1'-3" -2% Connecting slab 
	8' 
	1' 

	(a) Stage before deck replacement 
	(a) Stage before deck replacement 

	1' 
	1' 
	37' 6" 2' 21'-7" 12' Removal of deck K-rail 
	Varies 
	67' Three westbound lanes in Highway 50 

	Barrier 
	Barrier 

	(b) Stage 1 
	(b) Stage 1 

	37' 1' 2' 21'-7" 6" New concrete ① Gap 
	37' 1' 2' 21'-7" 6" New concrete ① Gap 
	12' 
	Varies 
	67' Three westbound lanes in Highway 50 

	Falsework support 
	Falsework support 

	(c) Stage 2 
	(c) Stage 2 

	Varies 37' 1' 2' 5' 1' 13'-7" 14'-5" New lane opened to traffic Removal of deck 
	Varies 37' 1' 2' 5' 1' 13'-7" 14'-5" New lane opened to traffic Removal of deck 
	67' Three Westbound Lanes in Highway 50 

	(d) Stage 3 
	(d) Stage 3 

	Varies 37' 2' 5' 1'-3" 1' 2' 13'-7" 15'-5" New lane opened New concrete ② Cold joint to traffic 
	Varies 37' 2' 5' 1'-3" 1' 2' 13'-7" 15'-5" New lane opened New concrete ② Cold joint to traffic 
	67' 64'-5" 
	1' 


	Varies 
	Varies 
	Varies 

	37' 
	37' 
	67' 

	1' 
	1' 
	34' 
	2' 
	28'-11.90" 
	2' 
	34'-11" 
	1' 

	TR
	Two new merging lanes opened to traffic 
	Removal of deck 
	6" 


	(f) Stage 5 
	(f) Stage 5 
	(f) Stage 5 

	Varies 
	Varies 

	37' 
	37' 
	67' 

	1' 
	1' 
	34' 
	2' 
	28' 
	1' 2' 
	34'-11' 
	1' 

	TR
	Two new merging lanes opened to traffic 
	New concrete ③ 
	6' Gap 

	TR
	(g) Stage 6 

	TR
	37' 
	Varies 
	67' 

	1' 
	1' 
	34' Two new merging lanes opened to traffic 
	2' 
	2' 2'4'-10" 18'-9" 14'-6" 1' New westbound lane Gap open to traffic Removal of deck 
	22'-11" 
	1' 


	(h) Stage 7 
	(h) Stage 7 
	(h) Stage 7 

	1' 
	1' 
	37' 34' Two new merging lanes opened to traffic 
	Varies 67' 2' 2' 2' 4'-10" 1' 2' 18'-9" 14'-6" New westbound lane 6" New concrete ④ Gap open to traffic 
	20'-5" 
	1' 

	TR
	(i) Stage 8 

	1' 
	1' 
	37' 34' Two new merging lanes opened to traffic 
	Varies 2' 2' 
	67' 2' 1' 33'-3" Two new westbound lanes 4'-10' open to traffic 
	23'-11" Removal of deck 


	Figure
	Figure
	open to traffic New concrete ⑤ opened to traffic 
	Figure
	(k) Stage 10 
	(k) Stage 10 
	(k) Stage 10 

	Varies 
	Varies 

	37' 
	37' 
	TD
	Figure

	67' 


	Figure
	Figure
	opened to traffic Three new westbound lanes opened to traffic 
	Figure
	Figure
	New deck with two merging lanes New deck with three westbound lanes New connecting slab 
	Abutment 1 Abutment 2 Deck 1 Deck 2 Deck 3 Deck 4 Deck 5 Joint 1 Joint 2 Joint 3 Connecting slab 
	Figure 2.12 Longitudinal replacement sequence for bridge No.3 (26Street Undercrossing) 
	Figure 2.12 Longitudinal replacement sequence for bridge No.3 (26Street Undercrossing) 
	th 



	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1 & Joint 1 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1 (see footnote 1) 

	4 
	4 
	Removing Deck 2 & Connecting Slab 

	5 
	5 
	Rebuilding Deck 2 (see footnote 1) 

	6 
	6 
	Removing Deck 3 & Joint 2 

	7 
	7 
	Rebuilding Deck 3 (see footnote 1) 

	8 
	8 
	Removing Deck 4 & Joint 3 

	9 
	9 
	Rebuilding Deck 4 & Joint 2 (see footnote 1) 

	10 
	10 
	Removing Deck 5 

	11 
	11 
	Rebuilding Deck 5 & Joint 3 (see footnote 1) 

	12 
	12 
	Rebuilding Connecting Slab 

	13–18 
	13–18 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	Figure
	Figure 2.13 Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 
	Figure 2.13 Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 


	Bent 2 Bent 3 Abutment 4 A A 51' 132' 51' 41' Skew=59°24'28" Abutment 1 
	Figure
	Figure
	5' 10' 24' 6.5" 5.5" 11" 4" Fillets Two lanes Shoulder Shoulder 6' 1' 1' 7" 
	1' 1' 41' Two lanes Shoulder Shoulder 5' 10' 24' 
	1' 19' 2' 17'-6" 1' 20' 21' Removal of deck for right lane Barrier K-rail 6" 
	19' Gap Starter bars for lap-splice Falsework support New Deck for right lane 2' 17'-6" 1' 6" 1' 
	1' 20' 1' 2' 12' 1' 21' Removal of deck for left lane New right lane opened to traffic 4' 
	22' 12' 1' New Deck for left lane New right lane opened to traffic Deck rebars connected by couplers 4' 2' 
	Cold joint 1' 10' 24' 5' 1' 41' New deck with 2 lanes Shoulder Shoulder 
	Figure
	Abutment 1 Bent 2 Bent 3 Abutment 4 Deck 2 Deck 1 Joint 1 
	Abutment 1 Bent 2 Bent 3 Abutment 4 Deck 3 Deck 1 Joint 1 Deck 2a Deck 2b Deck 4a Deck 4b Joint 2a Joint 2b 
	Abutment 1 Bent 2 Bent 3 Abutment 4 Deck 4 Deck 2 Joint 2 Deck 1a Deck 1b Deck 3a Deck 3b Joint 1a Joint 1b 
	Abutment 1 Bent 2 Bent 3 Abutment 4 Deck 2 Deck 4 Joint 2 Deck 3a Deck 3b Deck 1a Deck 1b Joint 1a Joint 1b 
	 Combined Transverse and Longitudinal Sequences Operational stages were presented in Table 2.4 for the Pioneer Avenue Undercrossing. There were a total of 11 stages in Option 1, and these stages were the same as in Option 1 of the first and second bridges. In Option 2, which represented the “positive-moment-region-first replacement strategy,” the number of stages increased to 15, as shown in Table 2.4(b). Options 3 and 4, both of which adopted the “half-span replacement strategy,” had 15 stages. Note that 
	1a with Deck 3a, and Deck 1b with Deck 3b, and Deck 2 with Deck 4 in Option 3 would result in Option 4. 
	Table 2.4 Four replacement options for bridge No.4 (Pioneer Avenue Undercrossing) 
	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1 & Joint 1 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1 (see footnote 1) 

	4 
	4 
	Removing Deck 2 

	5 
	5 
	Rebuilding Deck 2 & Joint 2 (see footnote 1) 

	6–11 
	6–11 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	(a) Option 1 (all-span replacement strategy) 
	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1 & Joint 1 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1 (see footnote 1) 

	4 
	4 
	Removing Deck 2a, 2b & Joint 2a, 2b 

	5 
	5 
	Rebuilding Deck 2a, 2b (see footnote 1) 

	6 
	6 
	Removing Deck 3 

	7 
	7 
	Rebuilding Deck 3 & Joint 1 (see footnote 1) 

	8 
	8 
	Removing Deck 4a, 4b 

	9 
	9 
	Rebuilding Deck 4a, 4b & Joint 2a, 2b (see footnote 1) 

	10–15 
	10–15 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	(b) 
	(b) 
	(b) 
	Option 2 (positive-moment-region-first replacement strategy) 

	(c) 
	(c) 
	Options 3 and 4 (negative-moment-region-first replacement strategy) 


	Table 2.4(continued) Four replacement options for bridge No.4 (Pioneer Avenue Undercrossing) 
	Stage number 
	Stage number 
	Stage number 
	Operations 
	Notes 

	1 
	1 
	Before deck replacement 
	Reference stage 

	2 
	2 
	Removing Deck 1a, 1b & Joint 1a, 1b 
	Deck replacement procedures 

	3 
	3 
	Rebuilding Deck 1a, 1b (see footnote 1) 

	4 
	4 
	Removing Deck 2 & Joint 2 

	5 
	5 
	Rebuilding Deck 2 (see footnote 1) 

	6 
	6 
	Removing Deck 3a, 3b 

	7 
	7 
	Rebuilding Deck 3a, 3b & Joint 1a, 1b (see footnote 1) 

	8 
	8 
	Removing Deck 4 

	9 
	9 
	Rebuilding Deck 4 & Joint 2 (see footnote 1) 

	10–15 
	10–15 
	After deck replacement (t=5, 10, 20, 30, 40, 50 years) 
	Long-term effects 


	Footnote 1—this stage includes two sub-stages, which are the addition of wet concrete in the first sub-stage and the allowance of the wet concrete to gain strength and develop composite action in the second sub-stage 7 days after placement 
	Charpter 3  Finite Element Models 
	3.1 Preliminary  
	This chapter presents the details of the finite element models for the four selected bridges in this project. The “staged construction” feature in CSiBridge (2017) was used to simulate the temporal sequence of deck removal and reconstruction. Time-dependent properties of concrete and steel were incorporated into the model. The AASHTO HL-93 vehicular load, also available in CSiBridge (2017), was used for the live load effects. The specifics of the AASHTO HL-93 vehicular loads are shown in Figure 3.1. Since b
	 
	32 kip 32 kip 25 kip 25 kip 8 kip 
	0.64 kip/ft 14 ft 
	0.64 kip/ft 
	14 ft ~30 ft 
	14 ft ~30 ft 
	4 ft

	  
	(a) HL93K—design truck with lane load   (b) HL93M—design tandem with lane load 
	28.8 kip 28.8 kip 28.8 kip 28.8 kip 
	7.2 kip 7.2 kip 
	0.576 kip/ft 14 ft 
	14 ft 
	≥50 ft 
	14 ft 
	14 ft 
	14 ft

	 (c) HL93L—dual trucks Figure 3.1 Axle loads for AASHTO HL-93 design vehicular live loads 
	3.2 Time-Dependent Properties 
	Table 3.1 lists the parameters and their values for the time-dependent properties of the concrete used in the finite element model of the bridge, and these parameters have been selected according to CEB-FIP Model Code 1990 [13]. Specifically, a cement-type coefficient of 0.25 and a shrinkage coefficient of 5 were used for the four bridges, and these values were deemed appropriate for concrete with normal and rapid-hardening cement. Ten-year metrological data, recorded in Woodland, California, from 2007 to 2
	Table 3.1, which is defined by ℎ = 2𝐴/𝑃, where 𝐴 is the cross-sectional area and 𝑃 is the perimeter of the cross-section, was automatically computed by CSiBridge (2017) after the geometry of the cross-section has been defined. 
	Table 3.1 Time-dependent parameters in CSiBridge (2017) for the four selected bridges 
	Parameters 
	Parameters 
	Parameters 
	Bridge No.1 
	Bridge No.2 
	Bridge No.3 
	Bridge No.4 

	Cement-type coefficient 
	Cement-type coefficient 
	0.25 
	0.25 
	0.25 
	0.25 

	Relative humidity (%) 
	Relative humidity (%) 
	50 
	50 
	50 
	50 

	Notional size of box-girder ℎ (feet) 
	Notional size of box-girder ℎ (feet) 
	0.77 
	0.84 
	0.64 
	0.75 

	Shrinkage coefficient 
	Shrinkage coefficient 
	5 
	5 
	5 
	5 

	Shrinkage start age (days) 
	Shrinkage start age (days) 
	0 
	0 
	0 
	0 


	3.3 Finite Element Models for Selected Bridges 
	Different types of elements were specified for different parts of the bridge, namely, thick shell elements for the box-girder and diaphragms, built-in tendon elements for the prestressing steel, frame elements with varying sectional properties for the columns, and link elements for the support bearings and foundations. 
	3.3.1 Route 113/5 Separation Structure 
	Figure 3.2 shows the final finite element model for the Route 113/5 Separation Structure. The superstructure was assumed to be pin-supported at the left abutment and roller-supported at the right abutment. The middle bent was assumed to be rigidly connected to the superstructure and pin-supported at the base. Since the column flare for the middle bent was not shown to be integrally connected to the superstructure in the drawings, the finite element model assumed a constant cross-section for the middle bent 
	Figure 3.3 shows a screenshot of the prestressing tendons in the Route 113/5 Separation Structure. Each of the five girders was assumed to be post-tensioned by a jacking force of 3260 kips, as stated on the as-built drawings. The prestressing tendons were parabolically-shaped and assumed to be stressed from both ends. Parameters for prestressing losses are listed in Table 3.2. It should be noted that the loss parameters for elastic shortening, creep and shrinkage, and steel relaxation had all been set to ze
	Figure
	(a) 3D view 
	Figure
	(b) Plan view 
	Figure
	(c) Elevation view Figure 3.2 Finite element model of bridge No.1 (Route 113/5 Separation Structure) 
	Figure
	Figure 3.3 Prestressing tendons in finite element model of bridge No.1 (Route 113/5 Separation Structure) Table 3.2 Prestressing loss parameters of bridge No.1 (Route 113/5 Separation Structure) 
	Prestressing loss type 
	Prestressing loss type 
	Prestressing loss type 
	Instantaneous losses 
	Time-dependent losses 

	Curvature coefficient 
	Curvature coefficient 
	Wobble coefficient (/ft) 
	Anchorage set slip (in) 
	Elastic shortening stress (ksf) 
	Creep (ksf) 
	Shrinkage (ksf) 
	Steel relaxation (ksf) 

	Value 
	Value 
	0.2 
	0.0002 
	0.375 
	0 
	0 
	0 
	0 


	3.3.2 S880/W237 Connector Separation 
	Figure 3.4 shows the final finite element model for the S880/W237 Connector Separation. Similar to the first bridge, the superstructure was assumed to be pin-supported at the left abutment and roller-supported at the right abutment. The bridge was supported by two twin-column bents, which were assumed to be pin-supported at their bases. Although the actual columns had a varying cross-section in the upper region, the finite element assumed a constant cross-section since the column flare was not integrally co
	Figure
	(a) 3D view 
	Figure
	(b) Plan view 
	Figure
	(c) Elevation view Figure 3.4 Finite element model of bridge No.2 (S880/W237 Connector Separation) 
	Figure
	Figure 3.5 Prestressing tendons in finite element model of bridge No.2 (S880/W237 Connector Separation) Table 3.3 Prestressing loss parameters of bridge No.2 (S880/W237 Connector Separation) 
	Prestressing loss type 
	Prestressing loss type 
	Prestressing loss type 
	Instantaneous Losses 
	Time-dependent Losses 

	Curvature coefficient 
	Curvature coefficient 
	Wobble Coefficient (/ft) 
	Anchorage set slip (mm) 
	Elastic shortening stress (ksf) 
	Creep (ksf) 
	Shrinkage (ksf) 
	Steel relaxation (ksf) 

	Value 
	Value 
	0.2 
	0.0002 
	10 
	0 
	0 
	0 
	0 


	3.3.3 26Street Undercrossing 
	th 

	Figure 3.6 shows the final finite element model for the 26th Street Undercrossing, where the cross-section was divided into exterior girders, interior girders, and median “A” girder. The left abutment (see plan view in Figure 3.7) was assumed to be pin-supported while the right abutment was assumed to be roller-supported. 
	Figure 3.8 provides a screenshot of the prestressing tendon layout. Sixteen prestressing tendons were used with each tendon assumed to be jacked from both ends. Table 3.4 lists the magnitudes of the jacking forces in the girders while Table 3.5 lists the assumed values for the prestressing loss parameters. 
	Figure
	Figure 3.6 Different types of girders in bridge No.3 (26th Street Undercrossing) 
	Figure
	(a) 3D view 
	Figure
	(b) Plan view 
	Figure
	(c) Elevation view Figure 3.7 Finite element model of bridge No.3 (26Street Undercrossing) 
	th 

	Figure
	Figure 3.8 Prestressing tendons in finite element model of bridge No.3 (26Street Undercrossing) Table 3.4 Jacking forces for three types of girders in bridge No.3 (26Street Undercrossing) 
	Figure 3.8 Prestressing tendons in finite element model of bridge No.3 (26Street Undercrossing) Table 3.4 Jacking forces for three types of girders in bridge No.3 (26Street Undercrossing) 
	th 
	th 



	Girder type 
	Girder type 
	Girder type 
	Median “A” girder 
	Interior girder 
	Exterior girder 

	Target prestressing force (kips) 
	Target prestressing force (kips) 
	1210 
	1131 
	800 

	Jacking force (kips) 
	Jacking force (kips) 
	1322.5 
	1242 
	903.5 


	Table 3.5 Prestressing loss parameters of bridge No.3 (26Street Undercrossing) 
	th 

	Prestressing loss type 
	Prestressing loss type 
	Prestressing loss type 
	Instantaneous losses 
	Time-dependent losses 

	Curvature coefficient 
	Curvature coefficient 
	Wobble coefficient (/ft) 
	Anchorage set slip (in) 
	Elastic shortening stress (ksf) 
	Creep (ksf) 
	Shrinkage (ksf) 
	Steel relaxation (ksf) 

	Value 
	Value 
	0.2 
	0.002 
	0.375 
	0 
	0 
	0 
	0 


	3.3.4 Pioneer Avenue Undercrossing 
	Figure 3.9 shows the final finite element model for the Pioneer Avenue Undercrossing, where the left abutment was assumed to be pin-supported and the right abutment roller-supported. The two twin-column bents were assumed to be rigidly connected to the superstructure at the top and pin-supported at the base. Note that the flare columns were in this case integrally connected to the superstructure (different from the first two bridges) and the fixity had been modeled as such in the finite element model. 
	Figure 3.10 shows five parabolically-shaped prestressing tendons in the superstructure; each girder being provided by a jacking force of 1180 kips. Tendons were assumed to be jacked from the right end only as stated on the drawings. Parameters for estimating the prestressing losses are listed in Table 3.6. Similar to the other three bridges, loss parameters associated with elastic shortening, creep and shrinkage, and steel relaxation are all set at zero as the tendon has been modeled as “elements” in CSiBri
	Figure
	(a) 3D view 
	Figure
	(b) Plan view 
	Figure
	(c) Elevation view Figure 3.9 Finite element model of bridge No.4 (Pioneer Avenue Undercrossing) 
	Figure
	Figure 3.10 Prestressing tendons of bridge No.4 (Pioneer Avenue Undercrossing) Table 3.6 Prestressing loss parameters of bridge No.4 (Pioneer Avenue Undercrossing) 
	Prestressing loss type 
	Prestressing loss type 
	Prestressing loss type 
	Instantaneous losses 
	Time-dependent losses 

	Curvature coefficient 
	Curvature coefficient 
	Wobble coefficient (/ft) 
	Anchorage set slip (in) 
	Elastic Shortening Stress (ksf) 
	Creep (ksf) 
	Shrinkage (ksf) 
	Steel relaxation (ksf) 

	Value 
	Value 
	0.25 
	0.0002 
	0.625 
	0 
	0 
	0 
	0 


	3.4 Girder Stresses and Deflections 
	3.4.1 Stress Extraction 
	Stresses at critical sections were extracted for comparison, and these critical sections are shown in Figure 3.11. As sections at mid-span and over the bent were expected to experience the largest tensile/compressive stresses under dead and live loads, these sections were typically selected for stress extraction. For straight bridges, i.e. the Route 113/5 Separation Structure and the 26th Street Undercrossing, stresses normal to the section were extracted, whereas for the skewed bridge, i.e., the Pioneer Av
	In each of the critical sections, stresses were extracted for the top and bottom fibers, and at the intersection between the deck and web, as identified in Figure 3.12. These top and bottom fibers were expected to experience the largest compressive or tensile stress when the full cross-section was involved, but upon deck removal, the top of the web, which was identified as the intersection between the deck and web in Figure 3.12, became critical and hence this location was selected for stress examination. S
	Figure
	(a) Bridge No.1 (Route 113/5 Separation Structure) 
	Figure
	(b) Bridge No.2 (S880/W237 Connector Separation) 
	Figure
	(c) Bridge No.3 (26Street Undercrossing) 
	th 

	Figure
	(d) Bridge No.4 (Pioneer Avenue Undercrossing) Figure 3.11 Critical sections in selected bridges for stress extraction 
	Figure
	Figure 3.12 Stress extraction nodes in critical section 
	Figure 3.12 Stress extraction nodes in critical section 


	3.4.2 Girder Deflection Extraction 
	Since elements representing the deck in the finite element model were constantly being removed and reinstated by the program to simulate the sequence of deck replacement, a convenient point for extracting the girder deflection was not at the top of the deck but rather at the top of the web. Locations for extraction of girder deflection are shown in Figures 3.13(a)–(d) for all four structures. Girder deflections are presented as envelopes in Chapter 4 while transient deflections for all replacement options a
	Figure
	(a) Bridge No.1 (Route 113/5 Separation Structure) 
	Figure
	(b) Bridge No.2 (S880/W237 Connector Separation) Figure 3.13 Deflection extraction nodes in selected bridges 
	Figure
	(c) Bridge No.3 (26Street Undercrossing) 
	th 

	Figure
	(d) Bridge No.4 (Pioneer Avenue Undercrossing) Figure 3.13(continued) Deflection extraction nodes in selected bridges 
	Charpter 4 Analysis Results 
	4.1 Preliminary 
	This chapter presents the stress and deflection envelopes for each of the replacement options of the four bridges. Stress envelopes signify the range of short and long-term stresses that can be expected to be developed in the top and bottom fibers or at the top of the webs while the deflection envelopes encompass the range of girder deflections at all stages of replacement and including services up to 50 years. 
	4.2 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22147) 
	-

	4.2.1 Stresses 
	Figures 4.1(a)–(c) show the stress envelopes for the top and bottom fibers and at the top of webs of the Route 113/5 Separation Structure for replacement Option 1. The x-axis represents different construction stages while the positive value in the y-axis corresponds to compressive stress and vice-versa. Compressive and tensile stress limits of 2.82 and 0.41 ksi were plotted in the figure for comparison with the developed stresses. The compressive and tensile stress limits had been computed using the recomme
	0.6𝑓for compression and 0.19for tension, where 𝑓is the 28-day concrete compressive strength assumed to be 4.7 ksi. 
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	In the figures, the first stage, denoted as “Before Deck Replacement”, represented the initial (reference) stage before the initiation of deck replacement where only the dead load and prestressing forces were presented in the structure. 
	The second stage, denoted as “During Deck Replacement,” represented the transient deck 
	replacement process where multiple stages of deck removal and rebuilding were instituted. For example, the ”During Deck Replacement” stage in Option 1 would consist of four construction stages: removal of Deck 1 and Joint, rebuilding of Deck 1, removal of Deck 2, and rebuilding of Deck 2 and Joint, as discussed previously in Table 2.1(a). In Options 2 and 5, the number of stages in the ”During Deck Replacement” stage was increased to 8, with Stages 2–9 listed in Table 2.1(b) and (d). In Options 3 and 4, the
	The stage denoted as “Immediately after Deck Replacement” referred to the stage immediately after deck replacement, i.e., when all decks had been replaced. For example, “Immediately after Deck Replacement” would correspond to Stage 5 in Option 1 in Table 2.1(a) and to Stage 9 in Option 2 in Table 2.1(b). This replacement stage therefore reflected the state of the bridge immediately after all deck replacement and could be compared with the initial (reference) stage to assess the magnitude of the stress redis
	In the initial (reference) stage in Figure 4.1(a), the top fiber was subjected to compression for all three critical (mid-spans and over the bent) sections. During deck replacement, the top fiber experiences compression relief in these three sections with the top fiber in Bent 2 experiencing a net tension stress that exceeds the AASHTO tensile limit of 0.41 ksi. Under long-term conditions, 
	the tension in the top fiber increased significantly within the first five years of service. The top 
	fiber tension exceeded the AASHTO tensile stress limits after 50 years for all three sections. The large tension arose since no pre-compression was being provided in the new deck. Note that the maximum compression in the top fiber was within the AASHTO compressive limit of 2.82 ksi for all three sections during and after deck replacement as well as after 50 years of service. 
	For the bottom fiber, stresses showed a similar range for the three sections in the initial stage, as can be seen in Figure 4.1(b). During deck replacement, and in the long term, the bottom fiber over Bent 2 experienced larger compression while the stress ranges at the two mid-spans remained nearly invariant. At mid-span, the reduction in the cross-section upon removal of the old deck first resulted in an increased compressive stress due to locked-in pre-compression but subsequent addition of a new deck ind
	Figure 4.1(c) shows significant tension being developed at the top of the web over Bent 2 as well as significant compression being developed at mid-span. The increased compression at mid
	Figure 4.1(c) shows significant tension being developed at the top of the web over Bent 2 as well as significant compression being developed at mid-span. The increased compression at mid
	-

	span resulted from the reduction in cross-sectional area after deck removal and from the positive mid-span bending moment after casting of the new deck. 

	The trend of stress redistribution in the top and bottom fibers and at the top of the web was similarly observed in Option 2, as can be seen in Figure 4.2, and in Option 5 in Figure 4.5. In Options 3 and 4, the top of the web stresses at mid-span indicated a greater compression compared with Options 1, 2 and 5 (Figure 4.3(c) and Figure 4.4(c) versus Figures 4.1(c), 4.2(c) and 4.5(c)) despite a smaller portion of the deck being removed and replaced at each stage. The larger number of replacement stages in Op
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	(c) Top of the web stresses Figure 4.1(continued) Stresses in Option 1 for bridge No.1 (Route 113/5 Separation Structure) 
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	(b) Bottom fiber stresses Figure 4.2 Stresses in Option 2 for bridge No.1 (Route 113/5 Separation Structure) 
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	(c) Top of the web stresses Figure 4.2(continued) Stresses in Option 2 for bridge No.1 (Route 113/5 Separation Structure) 
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	(c) Top of the web stresses Figure 4.3(continued) Stresses in Option 3 for bridge No.1 (Route 113/5 Separation Structure) 
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	(b) Bottom fiber stresses Figure 4.4 Stresses in Option 4 for bridge No.1 (Route 113/5 Separation Structure) 
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	(c) Top of the web stresses Figure 4.4(continued) Stresses in Option 4 for bridge No.1 (Route 113/5 Separation Structure) 
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	(b) Bottom fiber stresses Figure 4.5 Stresses in Option 5 for bridge No.1 (Route 113/5 Separation Structure) 
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	(c) Top of the web stresses Figure 4.5(continued) Stresses in Option 5 for bridge No.1 (Route 113/5 Separation Structure) 
	4.2.2 Girder Deflections 
	Figures 4.6(a)–(e) show the girder deflection envelopes for the Route 113/5 Separation Structure for all five replacement options. The deflection envelope corresponded to the largest deflection in all three spans. In these figures, a positive y-value represents an upward deflection and vice-versa. A live load deflection limit of 3.15 inches was also plotted for comparison with the computed girder deflection. The deflection limit was based on 1/800 of the span length, assuming no pedestrian traffic per AASHT
	It can be seen in Figures 4.6(a), (b) and (e) that the range of deflections was similar for Options 1, 2 and 5. A significant downward deflection occurred immediately after deck replacement and the deflection was found to continue to increase with time albeit more gradually as the new deck ages. The downward deflection after deck replacement may be attributed to the reduced flexural rigidity of the superstructure upon deck removal, as well as the additional dead weight of the wet concrete when the new deck 
	Options 3 and 4 were found to experience a maximum downward deflection of about 4 inches in the stage “Immediately after Deck Replacement,” as can be seen in Figures 4.6(c) and (d). This maximum deflection was also larger than the maximum downward deflection at the same stage of Options 1, 2 and 5, despite smaller portions of the deck being removed at each stage of Options 3 and 4. The accumulation of girder deflection following each stage of deck removal and rebuilding was similar to the accumulation of st
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	(e) Option 5 Figure 4.6(continued) Deflections in five options for bridge No.1 (Route 113/5 Separation Structure) 
	4.3 Bridge No.2—S880/W237 Connector Separation (Bridge No. 370570F) 
	-

	4.3.1 Stresses 
	Figures 4.7(a)–(c) show the stress envelopes for the top and bottom fibers, and at the top of the web for replacement Option 1 of the S880/W237 Connector Separation. Compressive and tensile stress limits of 2.4 and 0.38 ksi were included in the figures for comparison with the computed stresses. The stress limits had been computed according to the AASHTO Specification 
	 
	[10], where 0.6𝑓was taken for compression and 0.19for tension with 𝑓in ksi units. For the  
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	S880/W237 Connector Separation, 𝑓was 4.0 ksi at 28-days, as stated on the as-built drawings of the bridge. 
	 

	In the initial (reference) stage, a small compression was noted for the top fiber at all five critical sections, as can be seen in Figure 4.7(a). The figure showed that the compressive stress over Bent 2 was as low as 0.05 ksi. It can thus be expected that the initial small compression would render the top fiber in tension after deck replacement. In the stage “Immediately after Deck Replacement”, the maximum tension was found to exceed the AASHTO tensile stress limit of 0.38 ksi for both Bents 2 and 3. Long
	In the initial (reference) stage, the range of bottom fiber stress was relatively small for all five sections, as shown in Figure 4.7(b). The small stress range indicated that the vehicular live loads only had a small impact on this bridge. After deck replacement and including long-term time
	-

	dependent effects, Bents 2 and 3 experienced increased compression as expected but these stresses 
	were within the AASHTO compressive and tensile stress limits in all five sections. Figure 4.7(b) shows that the bottom fiber was not as critical as the top fiber as far as stresses were concerned. 
	Figure 4.7(c) shows that the top of the web stresses were within the AASHTO compressive and tensile stress limits in the initial (reference) stage and in the “During Deck Replacement” stage. However, the increase in tensile stresses over Bents 2 and 3 was sufficiently large to exceed the AASHTO tensile stress limit of 0.38 ksi in the post-replacement service load conditions. Results indicated that attention must be paid to these long-term stresses, which may be mitigated by external prestressing if possible
	Figures 4.8(a)–(c) show the stress envelopes in the top and bottom fibers, and at the top of the web in replacement Option 2, which had been proposed as the “negative-moment-first replacement strategy”. Note that immediately after deck replacement and up to 50 years of service, maximum tensions in the top fiber in Option 2 were smaller than that of Option 1 even though the AASHTO tensile stress limit was still exceeded. Stress comparison between Options 1 and 2 suggested that deck replacement that proceeded
	Figure 4.8(b) shows that the bottom fiber stresses for all five sections in Option 2 remained within the AASHTO tensile and compressive stress limits during deck replacement and up to 50 years of service. However, the bottom fiber stress varied over a larger range than that of Option 1, indicating that vehicular loads would have a greater influence on the bottom fiber in Option 2. For the top of the web stresses, the maximum tension over Bents 2 and 3 were much smaller in Option 2 than in Option 1 for all s
	In sum, stresses in the top fiber and at the top of the web over middle bents were more critical when compared with the bottom fibers. Option 2 also resulted in smaller tension in the top fiber 
	In sum, stresses in the top fiber and at the top of the web over middle bents were more critical when compared with the bottom fibers. Option 2 also resulted in smaller tension in the top fiber 
	and at the top of the web over the middle bents, indicating that the “negative-moment-region-first replacement strategy” is better than “all-span replacement strategy”. 
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	(b) Bottom fiber stresses Figure 4.7 Stresses in Option 1 for bridge No.2 (S880/W237 Connector Separation) 
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	(c) Top of the web stresses Figure 4.7(continued) Stresses in Option 1 for bridge No.2 (S880/W237 Connector Separation) 
	Top Fiber Stresses (ksi) 
	5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 
	= = 
	Replacement Replacement after Deck after after after Replacement Stage 
	(a) Top fiber stresses 
	-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 Bottom Fiber Bottom Fiber Stresses (ksi) Compressive Stress Limit= 2.40 ksi Tensile Stress Limit= 0.38 ksi 
	Before Deck During Deck Immediately 5 years 20 years 50 years 
	Replacement Replacement after Deck after after after Replacement Stage 
	(b) Bottom fiber stresses Figure 4.8 Stresses in Option 2 for bridge No.2 (S880/W237 Connector Separation) 
	Top of Web Stresses (ksi) 
	5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 
	= = 
	Before Deck During Deck Immediately 5 years 20 years 50 years 
	Replacement Replacement after Deck after after after Replacement Stage 
	(c) Top of the web stresses Figure 4.8(continued) Stresses in Option 2 for bridge No.2 (S880/W237 Connector Separation) 
	4.3.2 Girder Deflections 
	Figures 4.9(a)–(b) show the deflections at the top of the girders for Options 1 and 2. A live load deflection limit of 2.70 inches was plotted for comparison with the deflections computed at different stages. The downward deflection of Option 2 was smaller than that of Option 1 and was within the deflection limit for all stages. On the other hand, deflections of Girders 3–5 in Option 1 exceeded the deflection limit starting after 5 years in service. Option 2, the “negative-momentfirst replacement strategy,”
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	4.4 Bridge No.3—26Street Undercrossing (Bridge No. 24-223R/L) 
	th 

	4.4.1 Stresses 
	Figures 4.10(a)–(c) show the stress envelopes in the top and bottom fibers and at the top of the web for the 26Street Undercrossing. The AASHTO compressive and tensile stress limits were 
	th 

	 
	computed to be 2.76 and 0.41 ksi based on the specified compressive strength of concrete of 𝑓= 
	 

	4.6 ksi. 
	The stress envelope in Figure 4.10(a) shows a small tension being developed in the top fiber during deck replacement and up to 50 years of service, but these stresses are within the AASHTO compressive and tensile stress limits for all stages. In Figure 4.10(b), however, the bottom fiber shows a maximum tension that exceeded the AASHTO tensile stress limit at the stage immediately after deck replacement, but the tensile stress remained relatively constant up to 50 years of service. Note that the 26Undercross
	th 

	At the top of the web, the maximum compressive stress was found to significantly exceed the AASHTO compressive stress limit, as can be seen in Figure 4.10(c). This was primarily due to the compounding of compression as stresses were accumulated after each stage of the replacement. 
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	(b) Bottom fiber stresses Figure 4.10 Stresses for bridge No.3 (26Street Undercrossing) 
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	(c) Top of the web stresses Figure 4.10(continued) Stresses for bridge No.3 (26Street Undercrossing) 
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	Figures 4.11(a)–(l) provides a series of stress plots at the mid-span of the 26Street Undercrossing to illustrate the accumulation of compressive stress as replacement proceeded. The blue circles in Figure 4.11(b) denote the stresses in the top and bottom fibers under dead load and prestressing, i.e., the initial (reference) stage, and these stresses were presented in the figure for comparison. The red triangles denote the stresses under dead load while the purple splines denote the stress envelopes under l
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	In the initial (reference) stage, the compression at the top of the web were quite uniform across the section under the live loads with a maximum value of 1.34 ksi, as indicated in Figures 4.11(a). Upon the removal of the left lane of the merging structure, the locked-in prestressing caused a transfer of the compression to the webs in the region proximate to the removed deck. Specifically, the maximum compressive stress at the left-most web increased from 1.34 ksi to 1.94 ksi, as indicated in Figures 4.11(b
	(k) for the remaining lane replacement stages. After the replacement of decks for all lanes, the compression computed at the top of the web is in the range of 3.0–4.0 ksi with the maximum compression reaches a high value of 3.96 ksi, as indicated in Figures 4.11(l). The accumulation of compressive stresses at the top of the web was noted in all four bridges albeit by a different amount depending on the structure. 
	Figure
	(a) Stage 1 (before deck replacement) 
	Figure
	(b) Stage 2 (removing the left lane of the merging structure) Figure 4.11 Sectional stresses at mid-span for bridge No.3 (26Street Undercrossing) 
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	Figure
	(c) Stage 3 (reconstructing the left lane of the merging structure) 
	Figure
	(d) 
	(d) 
	(d) 
	(d) 
	Stage 4 (removing the right lane of the merging structure) Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26Street Undercrossing) 
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	(e) Stage 5 (reconstructing the right lane of the merging structure) 

	(f) 
	(f) 
	(f) 
	Stage 6 (removing the left lane of the main structure) Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26Street Undercrossing) 
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	(g) Stage 7 (reconstructing the right lane of the main structure) 

	(h) 
	(h) 
	(h) 
	Stage 8 (removing the middle lane of the right structure) Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26Street Undercrossing) 
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	(i) Stage 9 (reconstructing the middle lane of the main structure) 

	(j) 
	(j) 
	(j) 
	Stage 10 (removing the right lane of the main structure) Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26Street Undercrossing) 
	th 


	(k) Stage 11 (reconstructing the right lane of the main structure) 

	(l) 
	(l) 
	Stage 12 (reconstructing connection slab between the merging and main structure) Figure 4.11(continued) Sectional stresses at mid-span for bridge No.3 (26th Street Undercrossing) 
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	4.4.2 Girder Deflections 
	Figure 4.12 shows the mid-span deflections at the top of the web for all 16 girders in the structure. Note that six of the webs belonged to the merging structure while the remaining 10 webs belonged to the main structure. A deflection limit of 1.80 inches was plotted for comparison with the deflections computed at different stages. 
	In the initial (reference) stage, all downward deflections were smaller than 1 inch, but immediately after deck replacement, the maximum downward deflection increased to nearly 5 inches, and after 50 years of service, the maximum value reached almost 7 inches. These deflections greatly exceed the AASHTO recommended deflection limit of 1.8 inches. The large deflection arose from the relatively shallow box-girder, which was only 4’ 9” deep, which upon the removal of the 6.25” thick deck resulted in a signific
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	4.5 Bridge No. 4—Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 
	4.5.1 Stresses 
	Figures 4.13(a)–(c) show the top and bottom fiber, and the top of the web stresses for Option 1 of the Pioneer Avenue Undercrossing. AASHTO compressive and tensile stress limits of 2.10 and 0.36 ksi were plotted in the same figure for comparison with the stresses computed at the 
	 
	different stages. A concrete compressive strength of 𝑓= 3.5 ksi, as specified on the as-built drawings at 28 days, was used to calculate the stress limits. 
	 

	Figure 4.13(a) shows that, at the initial (reference) stage, the maximum tension in the top fiber reached 0.55 ksi at Bent 2 and 0.45 ksi at Bent 3. The initial tension in the top fiber was seen to increase during the deck replacement as well as under long-term service conditions. In the “Immediately after Deck Replacement” stage, the maximum tension over Bent 2 first increased to 
	0.77 ksi and then to 2.10 ksi after 50 years of service, significantly exceeding the AASHTO tensile stress limit of 0.36 ksi. Note that the actual concrete compressive strength was likely to be higher 
	 
	than the specified concrete strength of 𝑓= 3.5 ksi, which would then permit higher compressive and tensile stress limits. 
	 

	Bottom fiber stresses and the top of the web stresses were less critical comparing with stresses in the top fiber. No net tensile stresses were computed in the bottom fiber for all five critical sections, as can be seen in Figure 4.13(b). Stresses at the top of the web also remained within the AASHTO compressive and tensile stress limits for all stages, as shown in Figure 4.13(c). 
	Figures 4.14(a)–(c), 4.15(a)–(c) and 4.16(a)–(c) show the stress envelopes for the top and bottom fibers and at the top of the webs for the three replacement Options 2 to 4. Stresses in Options 3 and 4 can be seen to be similar to the stresses computed for Option 1, indicating that the “all-span replacement strategy” and “negative-moment-region-first replacement strategy” were 
	Figures 4.14(a)–(c), 4.15(a)–(c) and 4.16(a)–(c) show the stress envelopes for the top and bottom fibers and at the top of the webs for the three replacement Options 2 to 4. Stresses in Options 3 and 4 can be seen to be similar to the stresses computed for Option 1, indicating that the “all-span replacement strategy” and “negative-moment-region-first replacement strategy” were 
	comparable in the longitudinal direction. The similarity of stresses between Options 3 and 4 indicated that deck replacement proceeding from either the two right cells or the two left cells produced very little difference in terms of stresses for this skewed bridge. 

	Compared with Options 1, 3 and 4, Option 2 generated slightly larger tension at the top of the web over the middle bents. In the stage of “Immediately after Deck Replacement,” the maximum tension over Bent 2 in Option 2 was 0.42 ksi, which exceeded the AASHTO tensile stress limit of 
	0.36 ksi, as can be seen in Figure 4.14(c), but the maximum tension over Bent 2 in the other three options remained within the AASHTO tensile stress limit. Thus “all-span replacement strategy” and “negative-moment-region-first replacement strategy” can be viewed as a slightly better replacement strategy than the “positive-moment-region-first replacement strategy” in terms of stresses. 
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	(b) Bottom fiber stresses Figure 4.13 Stress results of Option 1 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(c) Top of the web stresses Figure 4.13(continued) Stresses in Option 1 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(b) Bottom fiber stresses Figure 4.14 Stresses in Option 2 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(c) Top of the web stresses Figure 4.14(continued) Stresses in Option 2 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(b) Bottom fiber stresses Figure 4.15 Stresses in Option 3 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(c) Top of the web stresses Figure 4.15(continued) Stresses in Option 3 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(b) Bottom fiber stresses Figure 4.16 Stresses in Option 4 for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(c) Top of the web stresses Figure 4.16(continued) Stresses in Option 4 for bridge No.4 (Pioneer Avenue Undercrossing) 
	4.5.2 Girder Deflections 
	Figures 4.17(a)–(d) show the deflections at the top of the five girders in Options 1–4. A deflection limit of 1.98 inches was plotted for comparison with the deflections computed at different stages. The deflection limit was based on 1/800 of the span length per AASHTO LRFD Bridge Design Specifications [10] assuming no pedestrian traffic. The maximum downward deflection in each of the four options was much smaller than the deflection limit of 1.98 inches, suggesting that deflections were not as critical as 
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	(b) Option 2 
	Figure 4.17 Deflections in four options for bridge No.4 (Pioneer Avenue Undercrossing) 
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	(d) Option 4 Figure 4.17(continued) Deflections in four options for bridge No.4 (Pioneer Avenue Undercrossing) 
	Girder Deflections (in) 
	Charpter 5 Conclusions and Recommendations 
	5.1 Conclusions 
	Issues related to replacement of damaged decks in post-tensioned concrete box-girder bridges without falsework support under the superstructure spans were examined in this study. Finite element analyses of four post-tensioned box-girder bridges were conducted to investigate various strategies for safe replacement of damaged bridge decks. The objective was to extend the service life of the aging bridges in California. Parameters of the study included straight, curved and skewed bridges, and simple versus mul
	The following concluding remarks can be made from the results of the four selected bridges: 
	● Five replacement options were considered for the two-span continuous straight bridge, i.e., the Route 113/5 Separation Structure. Tensile stresses in the top fiber over Bent 2, compressive stresses at the top of the web at mid-span, and downward deflections of the superstructure 
	exceeded the AASHTO limits for all five replacement options. Three of the options, namely, 
	the “all-span replacement strategy,” “span-by-span replacement strategy,” and “negativemoment region-first replacement strategy” gave rise to lesser violation of the stresses and deflections compared to the other two options, namely, “half-span replacement strategies”. Overall the optimal strategy for deck replacement of the structure was Option 1, which corresponded to the “all-span replacement strategy.” 
	-

	● 
	● 
	● 
	Two replacement options were considered for the three-span curved bridge, i.e., the S880/W237 Connector Separation Structure. Results indicated that the “negative-moment-first replacement strategy” was the optimal replacement strategy compared with the “all-span replacement strategy” since the former strategy developed a smaller tensile stress in the top fiber and at the top of the web over the middle bents. A smaller downward girder deflection was also associated with the “negative-moment-first replacement

	● 
	● 
	For the simply-supported bridge, i.e., 26Street Undercrossing, only the “all-span replacement strategy” was considered. In this structure, the tension in the bottom fiber exceeded the AASHTO stress limit during deck replacement. The maximum compressive stress at the top of the web was also found to significantly exceed the AASHTO stress limit during deck replacement. A deflection of almost 5 inches occurred during deck replacement, greatly exceeded the AASHTO deflection limit of 1.8 inches. The large deflec
	th 


	● 
	● 
	For the three-span continuous skewed bridge, i.e., the Pioneer Avenue Undercrossing, stresses and deflections computed for the longitudinal “all-span replacement strategy” and “negativemoment-region-first replacement strategy” were comparable, while the “positive-moment
	-
	-



	region-first replacement strategy” produces slightly less favorable stress conditions. In the 
	transverse direction, deck replacement proceeding from either the two right cells or the two left cells resulted in little difference in stresses or deflections. Overall the optimal strategy for deck replacement was Option 1, which corresponded to the “all-span replacement strategy.” 
	5.2 Recommendations 
	The following recommendations are made for further study: 
	 
	 
	 
	As Caltrans has a large inventory of bridges, replacement strategy should be executed on a case-by-case basis, taking into account the configuration and the magnitude of prestressing in each individual bridges. It is recommended that finite element analysis be carried out for all candidate bridges, similar to that developed in this project. The finite element analysis may be carried out either by Caltrans prior to replacement or by the Contractor as part of their proposed deck replacement strategy. 

	 
	 
	The use of cast-in-place concrete for the new deck is not ideal as no pre-compression is developed to counter the tensile stresses that can be expected to be developed by the service live loads. Caltrans should explore the possibility of using precast, prestressed deck panels, as replacement alternative to cast-in-place concrete. Robust connection details would need to be developed for the precast panels. 

	 
	 
	Partial closure of traffic lanes may result in portions of the old bridge deck acting as cantilever to support the traffic load from the opened lanes. This portion of the bridge deck will need to be propped temporarily by falsework internal of the cells. Although details of the falsework support was not investigated as part of this study, Caltrans should nonetheless ensure that the falsework support, if connected to the soffit slab, would not result in the punching shear failure of the soffit slab. 

	 
	 
	 
	Although temporary, the removal of the damaged deck would result in free-standing of the 

	webs in the box-girder. In that regard, Caltrans should investigate the stability of the freestanding webs under the action of the locked-in prestressing force in curved bridges. The stability of the web may impact the extent to which the deck removal can be made at each stage of replacement. 
	-


	 
	 
	Results from this study indicated that full-depth deck replacement may be difficult as current AASHTO stress and deflection limits were violated. Caltrans may be willing to accept stresses and deflections that are moderately higher than the AASHTO limits, but such levels have not been established in this study and these levels need to be carefully evaluated. Caltrans should also investigate the feasibility of using overlay to rehabilitate damaged bridge decks. Significant progress has been made in the past 


	 Additionally, the following topics are also recommended: ﹡Torsional effects in box-girder during different stages of deck replacement ﹡Interfacial shear transfer in the top-of-girder cold joint for development of composite action ﹡Temporary measures to mitigate tensile stresses arising from negative bending moment at different stages of deck replacement 
	﹡Life-cycle cost analysis of deck replacement in old bridges versus new bridges assuming a design life of 75 years 
	﹡ Ponding effects due to changes in deck profile and disrupted drainage from the expected bridge deflections 
	﹡Analysis of unsupported sloped exterior girders during deck replacement 
	﹡Minimum under-bridge temporary supports required for critical stress reduction ﹡Live load/permit load effects for structures exceeding AASHTO stress limits ﹡Initiation of a pilot project with strain gage and deflection monitoring 
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	A. As-Built Drawings of the Four Selected Bridges 
	A.1 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22-147) 
	Figure
	Figure A.1 General plan of bridge No.1 (Route 113/5 Separation Structure) 
	Figure
	Figure A.2 Cross-section of box girder of bridge No.1 (Route 113/5 Separation Structure) 
	Figure A.2 Cross-section of box girder of bridge No.1 (Route 113/5 Separation Structure) 
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	A.2 Bridge No.2—S880/W237 Connector Separation (Bridge No. 37-0570F) 
	Figure
	Figure A.3 General plan of bridge No.2 (S880/W237 Connector Separation) 
	Figure
	Figure A.4 Cross-section of box girder of bridge No.2 (S880/W237 Connector Separation) 
	Figure A.4 Cross-section of box girder of bridge No.2 (S880/W237 Connector Separation) 
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	A.3 Bridge No.3—26th Street Undercrossing (Bridge No. 24-223R/L) 
	Figure
	Figure A.5 General plan of bridge No.3 (26Street Undercrossing) 
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	Figure
	Figure A.6 Cross-section of box girder of bridge No.3 (26Street Undercrossing) 
	Figure A.6 Cross-section of box girder of bridge No.3 (26Street Undercrossing) 
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	A.4 Bridge No.4—Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) 
	Figure
	Figure A.7 General plan of bridge No.4 (Pioneer Avenue Undercrossing) 
	Figure
	Figure A.8 Cross-section of box girder of bridge No.4 (Pioneer Avenue Undercrossing) 
	Figure A.8 Cross-section of box girder of bridge No.4 (Pioneer Avenue Undercrossing) 
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	B. Staged-Construction Operations in CSiBridge 
	B.1 Bridge No.1—Route 113/5 Separation Structure (Bridge No. 22-147) B.1.1 Option 1 Table B.1 Staged-construction operations for Option 1 of bridge No.1 (Route 113/5 Separation Structure) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding self-weight of the whole bridge 
	Duration = 0 day Age = 14600 days (40 years) 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1 & Joint 
	2—Removing Deck 1 & Joint 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1 & Joint 
	Removing Deck 1 & Joint 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1 
	3—Rebuilding Deck 1 
	Reassembling Deck 1 
	Duration = 1 day Age=1 day 

	Adding the self-weight of Deck 1 
	Adding the self-weight of Deck 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2 
	4—Removing Deck 2 
	Adding K-rail 2 
	Duration = 2 days 

	Removing K-rail 1 & Deck 2 
	Removing K-rail 1 & Deck 2 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2 & Joint 
	5—Rebuilding Deck 2 & Joint 
	Reassembling Deck 2 & Joint 
	Duration = 1 days Age = 1 day 

	Adding the self-weight of Deck 2 & Joint 
	Adding the self-weight of Deck 2 & Joint 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 day Loading K-rail 2 with factor of -1 

	6—Waiting 5 years 
	6—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	7—Waiting 10 years 
	7—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	8—Waiting 20 years 
	8—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	9—Waiting 30 years 
	9—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	10—Waiting 40 years 
	10—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	11—Waiting 50 years 
	11—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding vehicular load before deck replacement 
	1.5—Adding vehicular load before deck replacement 

	2.5—Adding vehicular load after removing Deck 1 & Joint 
	2.5—Adding vehicular load after removing Deck 1 & Joint 

	3.5—Adding vehicular load after rebuilding Deck 1 
	3.5—Adding vehicular load after rebuilding Deck 1 

	4.5—Adding vehicular load after removing Deck 2 
	4.5—Adding vehicular load after removing Deck 2 

	5.5—Adding vehicular load after rebuilding Deck 2 & Joint 
	5.5—Adding vehicular load after rebuilding Deck 2 & Joint 

	6.5—Adding vehicular load after waiting 5 years 
	6.5—Adding vehicular load after waiting 5 years 

	7.5—Adding vehicular load after waiting 10 years 
	7.5—Adding vehicular load after waiting 10 years 

	8.5—Adding vehicular load after waiting 20 years 
	8.5—Adding vehicular load after waiting 20 years 

	9.5—Adding vehicular load after waiting 30 years 
	9.5—Adding vehicular load after waiting 30 years 

	10.5—Adding vehicular load after waiting 40 years 
	10.5—Adding vehicular load after waiting 40 years 

	11.5—Adding vehicular load after waiting 50 years 
	11.5—Adding vehicular load after waiting 50 years 


	B.1.2 Option 2 Table B.2 Staged-construction operations for Option 2 of bridge No.1 (Route 113/5 Separation Structure) Load Case Name Stage Name Comments 1—Before deck replacement Adding the self-weight of the whole bridge Duration = 0 day Age = 14600 days (40 years) Prestressing all tendons Duration = 0 day 2—Removing Deck 1 & Joint 1 Adding K-rail 1 Duration = 2 days Removing Deck 1 & Joint 1 Duration = 2 days Adding the formwork Duration = 3 days 3—Rebuilding Deck 1 Reassembling Deck 1 Duration = 1 day A
	Table B.2(continued) Staged-construction operations for Option 2 of bridge No.1 (Route 113/5 Separation Structure) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	6.5—Adding vehicular load after removing Deck 3 
	6.5—Adding vehicular load after removing Deck 3 

	7.5—Adding vehicular load after rebuild Deck 3 & Join 1 
	7.5—Adding vehicular load after rebuild Deck 3 & Join 1 

	8.5—Adding vehicular load after removing Deck 4 
	8.5—Adding vehicular load after removing Deck 4 

	9.5—Adding vehicular load after rebuilding Deck 4 & Joint 2 
	9.5—Adding vehicular load after rebuilding Deck 4 & Joint 2 

	10.5—Adding vehicular load after waiting 5 years 
	10.5—Adding vehicular load after waiting 5 years 

	11.5—Adding vehicular load after waiting 10 years 
	11.5—Adding vehicular load after waiting 10 years 

	12.5—Adding vehicular load after waiting 20 years 
	12.5—Adding vehicular load after waiting 20 years 

	13.5—Adding vehicular load after waiting 30 years 
	13.5—Adding vehicular load after waiting 30 years 

	14.5—Adding vehicular load after waiting 40 years 
	14.5—Adding vehicular load after waiting 40 years 

	15.5—Adding vehicular load after waiting 50 years 
	15.5—Adding vehicular load after waiting 50 years 


	B.1.3 Options 3 and 4 Table B.3 Staged-construction operations for Options 3 and 4 of bridge No.1 (Route 113/5 Separation Structure) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding the self-weight of the whole bridge 
	Duration = 0 day Age = 14600 days 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1 & Joint 1 
	2—Removing Deck 1 & Joint 1 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1 & Joint 1 
	Removing Deck 1 & Joint 1 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1 
	3—Rebuilding Deck 1 
	Reassembling Deck 1 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 1 
	Adding the self-weight of Deck 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2 & Joint 2 
	4—Removing Deck 2 & Joint 2 
	Removing Deck 2 & Joint 2 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2 
	5—Rebuilding Deck 2 
	Reassembling Deck 2 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 2 
	Adding the self-weight of Deck 2 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	6—Removing Deck 3 & Joint 3 
	6—Removing Deck 3 & Joint 3 
	Removing Deck 3 & Joint 3 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	7—Rebuilding Deck 3 
	7—Rebuilding Deck 3 
	Reassembling Deck 3 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 3 
	Adding the self-weight of Deck 3 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	8—Removing Deck 4 & Joint 4 
	8—Removing Deck 4 & Joint 4 
	Removing Deck 4 & Joint 4 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	9—Rebuilding Deck 4 
	9—Rebuilding Deck 4 
	Reassembling Deck 4 
	Duration = 1 days Age = 1 day 

	Adding the self-weight of Deck 4 
	Adding the self-weight of Deck 4 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	10—Removing Deck 5 
	10—Removing Deck 5 
	Adding K-rail 2 
	Duration = 2 days 

	Removing K-rail 1 & Deck 5 
	Removing K-rail 1 & Deck 5 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	11—Rebuilding Deck 5 & Joint 1 
	11—Rebuilding Deck 5 & Joint 1 
	Reassembling Deck 5 & Joint 1 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 5 & Joint 1 
	Adding the self-weight of Deck 5 & Joint 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	12—Removing Deck 6 
	12—Removing Deck 6 
	Removing Deck 6 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	13—Rebuilding Deck 6 & Joint 2 
	13—Rebuilding Deck 6 & Joint 2 
	Reassembling Deck 6 & Joint 2 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 6 & Joint 2 
	Adding the self-weight of Deck 6 & Joint 2 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	14—Removing Deck 7 
	14—Removing Deck 7 
	Removing Deck 7 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 


	Table B.3(continued) Staged-construction operations for Options 3 and 4 of bridge No.1 (Route 113/5 Separation Structure) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	15—Rebuilding Deck 7 & Joint 3 
	15—Rebuilding Deck 7 & Joint 3 
	Reassembling Deck 7 & Joint 3 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 7 & Joint 3 
	Adding the self-weight of Deck 7 & Joint 3 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	16—Removing Deck 8 
	16—Removing Deck 8 
	Removing Deck 8 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	17—Rebuilding Deck 8 & Joint 4 
	17—Rebuilding Deck 8 & Joint 4 
	Reassembling Deck 8 & Joint 4 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 8 & Joint 4 
	Adding the self-weight of Deck 8 & Joint 4 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 days Loading K-rail 2 with factor of -1 

	18—Waiting 5 years 
	18—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	19—Waiting 10 years 
	19—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	20—Waiting 20 years 
	20—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	21—Waiting 30 years 
	21—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	22—Waiting 40 years 
	22—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	23—Waiting 50 years 
	23—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding vehicular load before deck replacement 
	1.5—Adding vehicular load before deck replacement 

	2.5—Adding vehicular load after removing Deck 1&Joint 1 
	2.5—Adding vehicular load after removing Deck 1&Joint 1 

	3.5—Adding vehicular load after rebuilding Deck 1 
	3.5—Adding vehicular load after rebuilding Deck 1 

	4.5—Adding vehicular load after removing Deck 2 & Joint 2 
	4.5—Adding vehicular load after removing Deck 2 & Joint 2 

	5.5—Adding vehicular load after rebuilding Deck 2 
	5.5—Adding vehicular load after rebuilding Deck 2 

	6.5—Adding vehicular load after removing Deck 3 & Joint 3 
	6.5—Adding vehicular load after removing Deck 3 & Joint 3 

	7.5—Adding vehicular load after rebuilding Deck 3 
	7.5—Adding vehicular load after rebuilding Deck 3 

	8.5—Adding vehicular load after removing Deck 4 & Joint 4 
	8.5—Adding vehicular load after removing Deck 4 & Joint 4 

	9.5—Adding vehicular load after rebuilding Deck 4 
	9.5—Adding vehicular load after rebuilding Deck 4 

	10.5—Adding vehicular load after removing Deck 5 
	10.5—Adding vehicular load after removing Deck 5 

	11.5—Adding vehicular load after rebuilding Deck 5 & Joint 1 
	11.5—Adding vehicular load after rebuilding Deck 5 & Joint 1 

	12.5—Adding vehicular load after removing Deck 6 
	12.5—Adding vehicular load after removing Deck 6 

	13.5—Adding vehicular load after rebuilding Deck 6 & Joint 2 
	13.5—Adding vehicular load after rebuilding Deck 6 & Joint 2 

	14.5—Adding vehicular load after removing Deck 7 
	14.5—Adding vehicular load after removing Deck 7 

	15.5—Adding vehicular load after rebuilding Deck 7 & Joint 3 
	15.5—Adding vehicular load after rebuilding Deck 7 & Joint 3 

	16.5—Adding vehicular load after removing Deck 8 
	16.5—Adding vehicular load after removing Deck 8 

	17.5—Adding vehicular load after rebuilding Deck 8 & Joint 4 
	17.5—Adding vehicular load after rebuilding Deck 8 & Joint 4 

	18.5—Adding vehicular load after waiting 5 years 
	18.5—Adding vehicular load after waiting 5 years 


	Table B.3(continued) Staged-construction operations for Options 3 and 4 of bridge No.1 (Route 113/5 Separation Structure) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	19.5—Adding vehicular load after waiting 10 years 
	19.5—Adding vehicular load after waiting 10 years 

	20.5—Adding vehicular load after waiting 20 years 
	20.5—Adding vehicular load after waiting 20 years 

	21.5—Adding vehicular load after waiting 30 years 
	21.5—Adding vehicular load after waiting 30 years 

	22.5—Adding vehicular load after waiting 40 years 
	22.5—Adding vehicular load after waiting 40 years 

	23.5—Adding vehicular load after waiting 50 years 
	23.5—Adding vehicular load after waiting 50 years 


	B.1.4 Option 5 Table B.4 Staged-construction operations for Option 5 of bridge No.1 (Route 113/5 Separation Structure) Load Case Name Stage Name Comments 1—Before deck replacement Adding the self-weight of the whole bridge Duration = 0 day Age = 14600 days (40 years) Prestressing all tendons Duration = 0 day 2—Removing Deck 1 & Joint 1 Adding K-rail 1 Duration = 2 days Removing Deck 1 & Joint 1 Duration = 2 days Adding the formwork Duration = 3 days 3—Rebuilding Deck 1 Reassembling Deck 1 Duration = 1 day A
	Table B.4(continued) Staged-construction operations for Option 5 of bridge No.1 (Route 113/5 Separation Structure) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	6.5—Adding vehicular load after removing Deck 3 
	6.5—Adding vehicular load after removing Deck 3 

	7.5—Adding vehicular load after rebuild Deck 3 & Join 1 
	7.5—Adding vehicular load after rebuild Deck 3 & Join 1 

	8.5—Adding vehicular load after removing Deck 4a, 4b 
	8.5—Adding vehicular load after removing Deck 4a, 4b 

	9.5—Adding vehicular load after rebuilding Deck 4a, 4b & Joint 2 
	9.5—Adding vehicular load after rebuilding Deck 4a, 4b & Joint 2 

	10.5—Adding vehicular load after waiting 5 years 
	10.5—Adding vehicular load after waiting 5 years 

	11.5—Adding vehicular load after waiting 10 years 
	11.5—Adding vehicular load after waiting 10 years 

	12.5—Adding vehicular load after waiting 20 years 
	12.5—Adding vehicular load after waiting 20 years 

	13.5—Adding vehicular load after waiting 30 years 
	13.5—Adding vehicular load after waiting 30 years 

	14.5—Adding vehicular load after waiting 40 years 
	14.5—Adding vehicular load after waiting 40 years 

	15.5—Adding vehicular load after waiting 50 years 
	15.5—Adding vehicular load after waiting 50 years 


	B.2 Bridge No.2—S880/W237 Connector Separation (Bridge No. 37-0570F) B.2.1 Option 1 Table B.5 Staged-construction operations for Option 1 of bridge No.2 (S880/W237 Connector Separation) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding the self-weight of the whole bridge 
	Duration = 0 day Age = 18250 days (50 years) 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1 & Joint 
	2—Removing Deck 1 & Joint 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1 & Joint 
	Removing Deck 1 & Joint 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1 
	3—Rebuilding Deck 1 
	Reassembling Deck 1 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 1 
	Adding the self-weight of Deck 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2 
	4—Removing Deck 2 
	Adding K-rail 2 
	Duration = 2 days 

	Removing K-rail 1 & Deck 2 
	Removing K-rail 1 & Deck 2 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2 & Joint 
	5—Rebuilding Deck 2 & Joint 
	Reassembling Deck 2 & Joint 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 2 & Joint 
	Adding the self-weight of Deck 2 & Joint 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 day Loading K-rail 2 with factor of -1 

	6—Waiting 5 years 
	6—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	7—Waiting 10 years 
	7—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	8—Waiting 20 years 
	8—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	9—Waiting 30 years 
	9—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	10—Waiting 40 years 
	10—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	11—Waiting 50 years 
	11—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding vehicular load before deck replacement 
	1.5—Adding vehicular load before deck replacement 

	2.5—Adding vehicular load after removing Deck 1 & Joint 
	2.5—Adding vehicular load after removing Deck 1 & Joint 

	3.5—Adding vehicular load after rebuilding Deck 1 
	3.5—Adding vehicular load after rebuilding Deck 1 

	4.5—Adding vehicular load after removing Deck 2 
	4.5—Adding vehicular load after removing Deck 2 

	5.5—Adding vehicular load after rebuilding Deck 2 & Joint 
	5.5—Adding vehicular load after rebuilding Deck 2 & Joint 

	6.5—Adding vehicular load after waiting 5 years 
	6.5—Adding vehicular load after waiting 5 years 

	7.5—Adding vehicular load after waiting 10 years 
	7.5—Adding vehicular load after waiting 10 years 

	8.5—Adding vehicular load after waiting 20 years 
	8.5—Adding vehicular load after waiting 20 years 

	9.5—Adding vehicular load after waiting 30 years 
	9.5—Adding vehicular load after waiting 30 years 

	10.5—Adding vehicular load after waiting 40 years 
	10.5—Adding vehicular load after waiting 40 years 

	11.5—Adding vehicular load after waiting 50 years 
	11.5—Adding vehicular load after waiting 50 years 


	B.2.2 Option 2 Table B.6 Staged-construction operations for Option 2 of bridge No.2 (S880/W237 Connector Separation) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding the self-weight of the whole bridge 
	During = 0 day Age = 18250 (50 years) 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1a, 1b & Joint 1a, 1b 
	2—Removing Deck 1a, 1b & Joint 1a, 1b 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1a, 1b & Joint 1a, 1b 
	Removing Deck 1a, 1b & Joint 1a, 1b 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1a, 1b 
	3—Rebuilding Deck 1a, 1b 
	Reassembling Deck 1a, 1b 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 1a, 1b 
	Adding the self-weight of Deck 1a, 1b 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 
	4—Removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 
	Removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2a, 2b, 2c 
	5—Rebuilding Deck 2a, 2b, 2c 
	Reassembling Deck 2a, 2b, 2c 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 2a, 2b, 2c 
	Adding the self-weight of Deck 2a, 2b, 2c 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	6—Removing Deck 3a, 3b 
	6—Removing Deck 3a, 3b 
	Adding K-rail 2 
	Duration = 2 days 

	Removing Adding K-rail 1 & Deck 3a, 3b 
	Removing Adding K-rail 1 & Deck 3a, 3b 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	7—Rebuilding Deck 3a, 3b & Joint 1a, 1b 
	7—Rebuilding Deck 3a, 3b & Joint 1a, 1b 
	Reassembling Deck 3a, 3b & Joint 1a, 1b 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 3a, 3b & Joint 1a, 1b 
	Adding the self-weight of Deck 3a, 3b & Joint 1a, 1b 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	8—Removing Deck 4a, 4b, 4c 
	8—Removing Deck 4a, 4b, 4c 
	Removing Deck 4a, 4b, 4c 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	9—Rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 
	9—Rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 
	Reassembling Deck 4a, 4b, 4c & Joint 2 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 
	Adding the self-weight of Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 day Loading K-rail 2 with factor of -1 

	10—Waiting 5 years 
	10—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	11—Waiting 10 years 
	11—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	12—Waiting 20 years 
	12—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	13—Waiting 30 years 
	13—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	14—Waiting 40 years 
	14—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	15—Waiting 50 years 
	15—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding vehicular load before deck replacement 
	1.5—Adding vehicular load before deck replacement 

	2.5—Adding vehicular load after removing Deck 1a, 1b & Joint 1a, 1b 
	2.5—Adding vehicular load after removing Deck 1a, 1b & Joint 1a, 1b 

	3.5—Adding vehicular load after rebuilding Deck 1a, 1b 
	3.5—Adding vehicular load after rebuilding Deck 1a, 1b 

	4.5—Adding vehicular load after removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 
	4.5—Adding vehicular load after removing Deck 2a, 2b, 2c & Joint 2a, 2b, 2c 

	5.5—Adding vehicular load after rebuilding Deck 2a, 2b, 2c 
	5.5—Adding vehicular load after rebuilding Deck 2a, 2b, 2c 


	Table B.6(continued) Staged-construction operations for Option 2 of bridge No.2 (S880/W237 Connector Separation) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	6.5—Adding vehicular load after removing Deck 3a, 3b 
	6.5—Adding vehicular load after removing Deck 3a, 3b 

	7.5—Adding vehicular load after rebuilding Deck 3a, 3b & Joint 1a, 1b 
	7.5—Adding vehicular load after rebuilding Deck 3a, 3b & Joint 1a, 1b 

	8.5—Adding vehicular load after removing Deck 4a, 4b, 4c 
	8.5—Adding vehicular load after removing Deck 4a, 4b, 4c 

	9.5—Adding vehicular load after rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 
	9.5—Adding vehicular load after rebuilding Deck 4a, 4b, 4c & Joint 2a, 2b, 2c 

	10.5—Adding vehicular load after waiting 5 years 
	10.5—Adding vehicular load after waiting 5 years 

	11.5—Adding vehicular load after waiting 10 years 
	11.5—Adding vehicular load after waiting 10 years 

	12.5—Adding vehicular load after waiting 20 years 
	12.5—Adding vehicular load after waiting 20 years 

	13.5—Adding vehicular load after waiting 30 years 
	13.5—Adding vehicular load after waiting 30 years 

	14.5—Adding vehicular load after waiting 40 years 
	14.5—Adding vehicular load after waiting 40 years 

	15.5—Adding vehicular load after waiting 50 years 
	15.5—Adding vehicular load after waiting 50 years 


	B.3 Bridge No.3—26th Street Undercrossing (Bridge No. 24-223R/L) 
	Table B.7 Staged-construction operations for deck replacement of bridge No.3 (26Street Undercrossing) 
	th 

	Load Case Name Stage Name Comments 1—Before deck replacement Adding the self-weight of the whole bridge Duration = 0 day Age = 18250 days (50 years) Prestressing all tendons Duration = 0 day 2—Removing Deck 1 & Joint 1 Adding K-rail 1 Duration = 2 days Removing Deck 1 & Joint 1 Duration = 2 days Adding the formwork Duration = 3 days 3—Rebuilding Deck 1 Reassembling Deck 1 Duration = 1 day Age = 1 day Adding the self-weight of Deck 1 Duration = 0 day Waiting 6 days Duration = 6 days 4—Removing Deck 2 & Conne
	Adding the self-weight of the Connecting slab 
	Duration = 0 day 
	Waiting 6 days 
	Duration = 6 days 
	Removing K-rails 9, 4 and 6 Loading K-rails 9, 4 and 6 with factor of -1 
	Table B.7(continued) Staged-construction operations for deck replacement of bridge No.3 (26Street Undercrossing) 
	th 

	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	13—Waiting 5 years 
	13—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	14—Waiting 10 years 
	14—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	15—Waiting 20 years 
	15—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	16—Waiting 30 years 
	16—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	17—Waiting 40 years 
	17—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	18—Waiting 50 years 
	18—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding vehicular load before deck replacement 
	1.5—Adding vehicular load before deck replacement 

	2.5—Adding vehicular load after removing Deck 1 & Joint 1 
	2.5—Adding vehicular load after removing Deck 1 & Joint 1 

	3.5—Adding vehicular load after rebuilding Deck 1 
	3.5—Adding vehicular load after rebuilding Deck 1 

	4.5—Adding vehicular load after removing Deck 2 & Connecting slab 
	4.5—Adding vehicular load after removing Deck 2 & Connecting slab 

	5.5—Adding vehicular load after rebuilding Deck 2 & Joint 1 
	5.5—Adding vehicular load after rebuilding Deck 2 & Joint 1 

	6.5—Adding vehicular load after removing Deck 3 & Joint 2 
	6.5—Adding vehicular load after removing Deck 3 & Joint 2 

	7.5—Adding vehicular load after rebuilding Deck 3 
	7.5—Adding vehicular load after rebuilding Deck 3 

	8.5—Adding vehicular load after removing Deck 4 & Joint 3 
	8.5—Adding vehicular load after removing Deck 4 & Joint 3 

	9.5—Adding vehicular load after rebuilding Deck 4 
	9.5—Adding vehicular load after rebuilding Deck 4 

	10.5—Adding vehicular load after removing Deck 5 
	10.5—Adding vehicular load after removing Deck 5 

	11.5—Adding vehicular load after rebuilding Deck 5 & Joint 3 
	11.5—Adding vehicular load after rebuilding Deck 5 & Joint 3 

	12.5—Adding vehicular load after rebuilding the Connecting slab 
	12.5—Adding vehicular load after rebuilding the Connecting slab 

	13.5—Adding vehicular load after waiting 5 years 
	13.5—Adding vehicular load after waiting 5 years 

	14.5—Adding vehicular load after waiting 10 years 
	14.5—Adding vehicular load after waiting 10 years 

	15.5—Adding vehicular load after waiting 20 years 
	15.5—Adding vehicular load after waiting 20 years 

	16.5—Adding vehicular load after waiting 30 years 
	16.5—Adding vehicular load after waiting 30 years 

	17.5—Adding vehicular load after waiting 40 years 
	17.5—Adding vehicular load after waiting 40 years 

	18.5—Adding vehicular load after waiting 50 years 
	18.5—Adding vehicular load after waiting 50 years 


	B.4 Bridge No.4—Pioneer Avenue Undercrossing (Bridge No. 22-169 R/L) B.4.1 Option 1 Table B.8 Staged-construction operations for Option 1 of bridge No.4 (Pioneer Avenue Undercrossing) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding the self-weight of the whole bridge 
	Duration = 0 day Age = 18250 days (50 years) 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1 & Joint 
	2—Removing Deck 1 & Joint 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1 & Joint 
	Removing Deck 1 & Joint 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1 
	3—Rebuilding Deck 1 
	Reassembling Deck 1 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 1 
	Adding the self-weight of Deck 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2 
	4—Removing Deck 2 
	Adding K-rail 2 
	Duration = 2 days 

	Removing K-rail 1 & Deck 2 
	Removing K-rail 1 & Deck 2 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2 & Joint 
	5—Rebuilding Deck 2 & Joint 
	Reassembling Deck 2 & Joint 
	Duration = 1 day Age = 1 day 

	Adding the self-weight of Deck 2 & Joint 
	Adding the self-weight of Deck 2 & Joint 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 day Adding the self-weight of K-rail 2 with factor of -1 

	6—Waiting 5 years 
	6—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	7—Waiting 10 years 
	7—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	8—Waiting 20 years 
	8—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	9—Waiting 30 years 
	9—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	10—Waiting 40 years 
	10—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	11—Waiting 50 years 
	11—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding the vehicular load before deck replacement 
	1.5—Adding the vehicular load before deck replacement 

	2.5—Adding the vehicular load after removing Deck 1 & Joint 
	2.5—Adding the vehicular load after removing Deck 1 & Joint 

	3.5—Adding the vehicular load after rebuilding Deck 1 
	3.5—Adding the vehicular load after rebuilding Deck 1 

	4.5—Adding the vehicular load after removing Deck 2 
	4.5—Adding the vehicular load after removing Deck 2 

	5.5—Adding the vehicular load after rebuilding Deck 2 & Joint 
	5.5—Adding the vehicular load after rebuilding Deck 2 & Joint 

	6.5—Adding the vehicular load after waiting 5 years 
	6.5—Adding the vehicular load after waiting 5 years 

	7.5—Adding the vehicular load after waiting 10 years 
	7.5—Adding the vehicular load after waiting 10 years 

	8.5—Adding the vehicular load after waiting 20 years 
	8.5—Adding the vehicular load after waiting 20 years 

	9.5—Adding the vehicular load after waiting 30 years 
	9.5—Adding the vehicular load after waiting 30 years 

	10.5—Adding the vehicular load after waiting 40 years 
	10.5—Adding the vehicular load after waiting 40 years 

	11.5—Adding the vehicular load after waiting 50 years 
	11.5—Adding the vehicular load after waiting 50 years 


	B.4.2 Option 2 Table B.9 Staged-construction operations for Option 2 of bridge No.4 (Pioneer Avenue Undercrossing) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding the self-weight of the whole bridge 
	Duration = 0 day Age=18250 days (50 years) 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1 & Joint 1 
	2—Removing Deck 1 & Joint 1 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1 & Joint 1 
	Removing Deck 1 & Joint 1 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1 
	3—Rebuilding Deck 1 
	Reassembling Deck 1 
	Duration = 1 day Age = 1 day 

	Loading Deck 1 
	Loading Deck 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2a, 2b & Joint 2a, 2b 
	4—Removing Deck 2a, 2b & Joint 2a, 2b 
	Removing Deck 2a, 2b & Joint 2a, 2b 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2a, 2b 
	5—Rebuilding Deck 2a, 2b 
	Reassembling Deck 2a, 2b 
	Duration = 1 day Age = 1 day 

	Loading Deck 2a, 2b 
	Loading Deck 2a, 2b 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	6—Removing Deck 3 
	6—Removing Deck 3 
	Adding K-rail 2 
	Duration = 2 days 

	Removing K-rail 1 & Deck 3 
	Removing K-rail 1 & Deck 3 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	7—Rebuilding Deck 3 & Joint 1 
	7—Rebuilding Deck 3 & Joint 1 
	Reassembling Deck 3 & Joint 1 
	Duration = 1 day Age = 1 day 

	Loading Deck 3 & Joint 1 
	Loading Deck 3 & Joint 1 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	8—Removing Deck 2a, 2b 
	8—Removing Deck 2a, 2b 
	Removing Deck 2a, 2b 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	9—Rebuilding Deck 2a, 2b & Joint 2a, 2b 
	9—Rebuilding Deck 2a, 2b & Joint 2a, 2b 
	Reassembling Deck 2a, 2b & Joint 2a, 2b 
	Duration = 1 day Age = 1 day 

	Loading Deck 2a, 2b & Joint 2a, 2b 
	Loading Deck 2a, 2b & Joint 2a, 2b 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 day Loading K-rail 2 with factor of -1 

	10—Waiting 5 years 
	10—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	11—Waiting 10 years 
	11—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	12—Waiting 20 years 
	12—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	13—Waiting 30 years 
	13—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	14—Waiting 40 years 
	14—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	15—Waiting 50 years 
	15—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding vehicular load before deck replacement 
	1.5—Adding vehicular load before deck replacement 

	2.5—Adding vehicular load after removing Deck 1 & Joint 1 
	2.5—Adding vehicular load after removing Deck 1 & Joint 1 

	3.5—Adding vehicular load after rebuilding Deck 1 
	3.5—Adding vehicular load after rebuilding Deck 1 

	4.5—Adding vehicular load after removing Deck 2a, 2b & Joint 2a, 2b 
	4.5—Adding vehicular load after removing Deck 2a, 2b & Joint 2a, 2b 

	5.5—Adding vehicular load after rebuilding Deck 2a, 2b 
	5.5—Adding vehicular load after rebuilding Deck 2a, 2b 

	6.5—Adding vehicular load after removing Deck 3 
	6.5—Adding vehicular load after removing Deck 3 


	Table B.9(continued) Staged-construction operations for Option 2 of bridge No.4 (Pioneer Avenue Undercrossing) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	.5—Adding vehicular load after rebuilding Deck 3 & Joint 1 
	.5—Adding vehicular load after rebuilding Deck 3 & Joint 1 

	.5—Adding vehicular load after removing Deck 2a, 2b 
	.5—Adding vehicular load after removing Deck 2a, 2b 

	.5—Adding vehicular load after rebuilding Deck 2a, 2b & Join2a, 2b 
	.5—Adding vehicular load after rebuilding Deck 2a, 2b & Join2a, 2b 

	.5—Adding vehicular load after waiting 5 years 
	.5—Adding vehicular load after waiting 5 years 

	.5—Adding vehicular load after waiting 10 years 
	.5—Adding vehicular load after waiting 10 years 

	.5—Adding vehicular load after waiting 20 years 
	.5—Adding vehicular load after waiting 20 years 

	.5—Adding vehicular load after Waiting 30 years 
	.5—Adding vehicular load after Waiting 30 years 

	.5—Adding vehicular load after waiting 40 years 
	.5—Adding vehicular load after waiting 40 years 

	.5—Adding vehicular load after waiting 50 years 
	.5—Adding vehicular load after waiting 50 years 


	B.4.3 Options 3 and 4 Table B.10 Staged-construction operations for Options 3 and 4 of bridge No.4 (Pioneer Avenue Undercrossing) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	1—Before deck replacement 
	1—Before deck replacement 
	Adding the self-weight of the whole bridge 
	Duration=0 day Age = 18250 days (50 years) 

	Prestressing all tendons 
	Prestressing all tendons 
	Duration = 0 day 

	2—Removing Deck 1a, 1b & Joint 1a, 1b 
	2—Removing Deck 1a, 1b & Joint 1a, 1b 
	Adding K-rail 1 
	Duration = 2 days 

	Removing Deck 1a, 1b & Joint 1a, 1b 
	Removing Deck 1a, 1b & Joint 1a, 1b 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	3—Rebuilding Deck 1a, 1b 
	3—Rebuilding Deck 1a, 1b 
	Reassembling Deck 1a, 1b 
	Duration = 1 day Age = 1 day 

	Loading Deck 1a, 1b 
	Loading Deck 1a, 1b 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	4—Removing Deck 2 & Joint 2 
	4—Removing Deck 2 & Joint 2 
	Removing Deck 2 & Joint 2 
	Duration = 2 days 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	5—Rebuilding Deck 2 
	5—Rebuilding Deck 2 
	Reassembling Deck 2 
	Duration = 1 day Age = 1 day 

	Loading Deck 2 
	Loading Deck 2 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	6—Removing Deck 3a, 3b 
	6—Removing Deck 3a, 3b 
	Adding K-rail 2 
	Duration = 2 days 

	Removing K-rail 1 & Deck 3a, 3b 
	Removing K-rail 1 & Deck 3a, 3b 
	Duration = 2 days Loading K-rail 1 with factor of -1 

	Adding the formwork 
	Adding the formwork 
	Duration = 3 days 

	7—Rebuilding Deck 3a, 3b & Joint 1a, 1b 
	7—Rebuilding Deck 3a, 3b & Joint 1a, 1b 
	Reassembling Deck 3a, 3b & Joint 1a, 1b 
	Duration = 1 day Age = 1 day 

	Load Deck 3a, 3b & Joint 1a, 1b 
	Load Deck 3a, 3b & Joint 1a, 1b 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	8—Removing Deck 4 
	8—Removing Deck 4 
	Removing D4 
	Duration = 2 days 

	Formwork 
	Formwork 
	Duration = 3 days 

	9—Rebuilding Deck 4 & Joint 2 
	9—Rebuilding Deck 4 & Joint 2 
	Reassembling Deck 4 & Joint 2 
	Duration = 1 day Age = 1 day 

	Loading Deck 4 & Joint 2 
	Loading Deck 4 & Joint 2 
	Duration = 0 day 

	Waiting 6 days 
	Waiting 6 days 
	Duration = 6 days 

	Removing K-rail 2 
	Removing K-rail 2 
	Duration = 0 day Loading K-rail 2 with factor of -1 

	10—Waiting 5 years 
	10—Waiting 5 years 
	Waiting 5 years 
	Duration = 1825 days 

	11—Waiting 10 years 
	11—Waiting 10 years 
	Waiting 10 years 
	Duration = 1825 days 

	12—Waiting 20 years 
	12—Waiting 20 years 
	Waiting 20 years 
	Duration = 3650 days 

	13—Waiting 30 years 
	13—Waiting 30 years 
	Waiting 30 years 
	Duration = 3650 days 

	14—Waiting 40 years 
	14—Waiting 40 years 
	Waiting 40 years 
	Duration = 3650 days 

	15—Waiting 50 years 
	15—Waiting 50 years 
	Waiting 50 years 
	Duration = 3650 days 

	1.5—Adding the vehicular load before Removal 
	1.5—Adding the vehicular load before Removal 

	2.5—Adding the vehicular load after removing Deck 1a, 1b & Joint 1a, 1b 
	2.5—Adding the vehicular load after removing Deck 1a, 1b & Joint 1a, 1b 

	3.5—Adding the vehicular load after rebuilding Deck 1a, 1b 
	3.5—Adding the vehicular load after rebuilding Deck 1a, 1b 

	4.5—Adding the vehicular load after Removing Deck 2 & Joint 2 
	4.5—Adding the vehicular load after Removing Deck 2 & Joint 2 

	5.5—Adding the vehicular load after rebuilding Deck 2 
	5.5—Adding the vehicular load after rebuilding Deck 2 

	6.5—Adding the vehicular load after removing Deck 3a, 3b 
	6.5—Adding the vehicular load after removing Deck 3a, 3b 


	Table B.10(continued) Staged-construction operations for Optiond 3 and 4 of bridge No.4 (Pioneer Avenue Undercrossing) 
	Load Case Name 
	Load Case Name 
	Load Case Name 
	Stage Name 
	Comments 

	.5—Adding the vehicular load after rebuilding Deck 3a, 3b & Joint 1a, 1b 
	.5—Adding the vehicular load after rebuilding Deck 3a, 3b & Joint 1a, 1b 

	.5—Adding the vehicular load after removing Deck 4 
	.5—Adding the vehicular load after removing Deck 4 

	.5—Adding the vehicular load after rebuilding Deck 4 & Joint 2 
	.5—Adding the vehicular load after rebuilding Deck 4 & Joint 2 

	.5—Adding the vehicular load after waiting 5 years 
	.5—Adding the vehicular load after waiting 5 years 

	.5—Adding the vehicular load after waiting 10 years 
	.5—Adding the vehicular load after waiting 10 years 

	.5—Adding the vehicular load after waiting 20 years 
	.5—Adding the vehicular load after waiting 20 years 

	.5—Adding the vehicular load after waiting 30 years 
	.5—Adding the vehicular load after waiting 30 years 

	.5—Adding the vehicular load after Waiting 40 years 
	.5—Adding the vehicular load after Waiting 40 years 

	.5—Adding the vehicular load after waiting 50 years 
	.5—Adding the vehicular load after waiting 50 years 
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