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Executive Summary 
 
The entire project report consists of two parts. The first section, Part A, presents a 
complete qualitative description of typical prestressed concrete bridge design process. 
The second part, Part B, provides an actual quantitative detailed design a prestressed 
concrete bridge with respect to three different design standards. 
 
In particular, the first part of the report reviews the failure of four different bridges in the 
past with additional emphasis on the De La Concorde Overpass in Laval, Quebec. 
Various types of bridges in terms of materials used, cross-section shape and structural 
type were investigated with their application as well as the advantages and disadvantages. 
In addition, the predominant differences of the Canadian Highway and Bridge Design 
Code CSA S6-14 and CSA S6-66, as well as AASHTO LRFD 2014 were discussed. After 
that, the actual design process of a prestressed concrete bridge was demonstrated, which 
started with identifying the required design input. Then, several feasible conceptual 
design options may be proposed by design teams. Moreover, the purpose and 
significance of structural analysis is discussed in depth, and five different typical analysis 
software were introduced in this section. Upon the completion of structural analysis, the 
procedure of detailed structure design and durability design were identified, which 
included the choice of materials and dimensions of individual specimens as well as the 
detailed design of any reinforcement profile. Last but not least, the potential construction 
issues as well as the plant life management and aging management program were 
discussed and presented at the end of the Part A. 
 
On the other hand, the second part of this report presents a detailed structural design of 
a prestressed concrete bridge with a span of 25 meters based on three different design 
standards. It started off with a problem statement that defines the scope of the entire 
design. The concept of influence line is used to analyze the moving track load, which is 
then combined with other live loads and dead loads to come up with the entire shear force 
and bending moment envelope along the bridge. Once all the design loads had been 
determined, detailed computational designs were performed for both prestressed 
concrete girders and reinforced concrete decks with respect to three different bridge 
design standards. Aside from the structural designs, the durability concrete mix design is 
also provided as part of the bridge design, which takes the environmental conditions into 
consideration. Finally, the detailed drawings of the bridge are attached at the end of the 
entire report. 
 
This design report summarized the knowledge and skills that our design team has gained 
from this course of Capstone Design Project as well as the rest of undergraduate program 
curriculum. It also provides strong insight on the connections and differences between 
different design standards, and the impacts these differences could make to the designs. 
Furthermore, the past failures included in this report has taught us that not only theoretical 
knowledge, but also the responsibilities of being a future structural engineer. The outlined 
step-by-step design procedure in this design report may be used for future reference on 
similar design projects. 
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Chapter 1 Introduction 

Part A of the design report emphasizes on introducing the typical process of designing 

either reinforced or prestressed concrete bridges, as well as the additional consideration 

that a design team need to take through each phases of the design process. A wide range 

of contents with respect to bridge design process are covered in this part of the design 

report. 

 

Eleven chapters are included in Part A with each chapter serving a unique purpose. Firstly, 

four case studies of bridge collapse were studied, including the collapse of De La 

Concorde Overpass, Sengsu Bridge, I 35-W Mississippi River Bridge and Tacoma 

Narrows Bridge. Lessons learned from these failures were also discussed to prevent any 

future disasters. In Chapter 3, different types of bridges used in construction practices 

were investigated. These bridges vary in terms of materials used (wood, concrete, steel 

etc.) and structural type (cantilever, truss, suspension etc.). The application, including 

advantages and disadvantages, of each type of bridges were also discussed in this 

chapter. Connections and differences between the relevant clauses of the Canadian 

Highway Bridge Design Code S6-14, AASHTO LRFD 2014 Bridge Design Specification, 

and Design of Highway Bridges S6-66 were explored in Chapter 4. 

 

Once the background information about bridge design was discussed in the first few 

chapters. Chapter 5 determined all the necessary design inputs, such as any client 

requirements, site conditions and government regulations. With the design inputs 

determined, several conceptual designs need to be proposed. In Chapter 6, these 

proposed designs for the De La Concorde Overpass replacement were described and 

evaluated based on the defined design objectives, and the most appropriate design was 

determined at the end of the chapter based on evaluation matrix. The research regarding 

to the methods, tools and software of structural analysis were conducted in Chapter 7. 

Five different structural design software, including SAP 2000, RISA 3D, Midas Civil, 

Ansys and Abaqus FEA, were explored with their applications and limitations identified. 
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Upon the completion of structural analysis, the bridge will be designed in detail. The step 

by step procedure of determining the concrete section dimensions, prestressing tendon 

profile, reinforcing bar layout and material properties are specified in Chapter 8. 

 

Aside from structural designs, the durability design is also crucial for a bridge. Chapter 9 

outlined the steps that need to be followed to ensure that the bridge could resist the 

severe external environment within its service life. Moreover, related construction issues 

such as construction safety, scheduling, on site quality control and budget issues were 

investigated in Chapter 10. In order to maintain the strength, serviceability and durability 

requirements during the entire service life, plant life management (PLiM) and aging 

management program (AMP) were discussed in Chapter 11. 

 

Overall, the Part A of the design report presents an overview of the design process of 

typical reinforced or prestressed concrete bridges. It also outlines additional 

considerations that needs to be taken for a design to be successful. 
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2.1 Introduction 

Studying and reviewing the failures of the past is beneficial in preventing future 

incidences of its kind. This chapter presents following four case studies of past bridge 

failures in order to understand the risk of failure of bridges and acquire knowledge on 

the failure mechanisms of existing bridge structures. Studies aim independently for 

different types of concrete bridge failures. Most failures occur due to a combination of 

various reasons, ranging from human errors by limited knowledge in planning, design, 

construction, inspection and maintenance, as well as uncontrollable factors such as 

accidents and natural hazards. In general, failures of bridge could result in huge direct 

and indirect economic losses, and even losses of lives. Bridges, and any other forms of 

structures, need to be designed to exceed the latest codes and standards, constructed 

strictly by specifications, as well as inspected and maintained until the end of their 

service life, in order to minimize the likelihood of any future collapse. 

  

2.2 de la Concorde Overpass Collapse 

To clearly understand the failure mechanism of the De La Concorde Overpass, it is first 

necessary to provide the fundamental characteristics of its design. Assessments of 

possible causes conducted by the Commission is summarized. Last but not the least, this 

case study is concluded by lessons learned from the collapse of the overpass. 

  

2.2.1 History of the Bridge 

The De La Concorde Overpass was designed and constructed in 1970s by the 

engineering firm Desjardins Sauriol & Associes (DSA) in accordance with CSA S6-1966. 

The overpass was considered to be innovative in North America at the time when it was 

designed and built [1].  

 

2.2.2 Bridge Type and Structure Detail 

De la Concorde Overpass uses prestressed concrete box girders (Figure 2.1) to enable 

a single 90ft central span without any intermediate supports, as shown in Figure 2.2. This 
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feature enables the unobstructed crossing of two heavy traffic arteries in Laval. To 

support the two ends of the overpass, the box girders were placed side by side on the 

abutment forming by thick cantilever reinforced concrete slabs of 4.24ft (Figure 2.3). As 

can be seen from Figure 2.4, the overpass carries a total of six lanes of traffic, with three 

westbound and three eastbound [1]. 

  

Figure 2.1 Elevation view of the de la Concorde overpass showing central span and 

abutments [1] 

 

Figure 2.2 Cross-section of the de la Concorde overpass [1] 
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Figure 2.3 Detail of the eastern abutment [1] 

 

 

 

Figure 2.4 Plan view of the de la Concorde overpass [1] 

 

2.2.3 Failure of the Overpass 

On September 30, 2006, the road and overpass was inspected by a road supervisor and 

a crack (Figure 2.5) was noticed. Immediate inspection by an engineer was requested. 

However, the overpass did not last to the inspection. Approximately thirty minutes later, 

the unreinforced part of the concrete overpass split along an inclined surface down to the 
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bottom layer of the reinforcement in the slab. The structure collapsed suddenly in a single 

block due to a shear failure in the east abutment cantilever and hit the autoroute below 

[1]. The collapsed overpass crushed two vehicles under it, killing five people and seriously 

injured six passengers who went over the edge while travelling on the overpass [2].  

 

 

Figure 2.5 The de la Concorde overpass after the east span failure [1] 

   

2.2.4 Reasons for Failure 

The collapse of the de la Concorde overpass is the result of a series of physical causes 

that gradually deteriorated the structure over years, eventually causing a shear failure in 

the southeast cantilever [1]. This was caused by a horizontal plane fracture that had 

accumulated for many years - an indication of severe state of structure deterioration. As 

can be seen from Figure 2.5, the complete east span collapsed onto AutoRoute 19 below 

due to its self-weight.  

 

According to the investigation by the commission, three main causes of the failure were 

determined and agreed by all the experts [1] [3]: 

1. The steel reinforcement in the concrete slab was improperly designed, resulting in 

a concretion of reinforcement in the upper portion of the abutment. This created a 
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weak plane that was susceptible to horizontal cracking. However, the improper 

design was caused by the limit of general knowledge since this design did not 

contravene the code provisions of the time. 

2. The reinforcement was not installed into the specified location during the 

construction, as defined in the design. The incorrectly placed #6 diagonal bars 

generated a zone of weakness which exacerbated the design weakness. As shown 

in Figure 2.7, there was a misalignment between the design layout and the “as 

built” layout. This cause was due to the unprofessional work by the contractors and 

inspecting engineers. 

3. The concrete quality used in the abutments was too low for its purpose thus not 

able to withstand the deterioration by freeze-thaw cycles and the corrosion by de-

icing salts. The poor quality of concrete was a result of the lack of communication 

at all levels, including the confusion in the specification of concrete in design. 

 

In addition to the above three causes, the commission also identified three other 

contributing factors which were not universally agreed by every party [1]: 

1. The absence of shear reinforcement in the thick slab causes insufficient control on 

the internal cracking. It was believed that the design of the thick slab on the 

overpass would have required shear reinforcement if design had based on current 

codes, such design would have prevented the sudden collapse of the overpass. 

2. Poor waterproofing on the surface of the thick slab saturates water into the 

concrete, thus exacerbated the freeze-thaw deterioration. The waterproofing 

membrane was supposed to be installed for the 1992 repair work, whereas it was 

determined that it was not the case. The absence of adequate protection on the 

thick slab was a major factor of the failure. 

3. The 1992 repair work removes excessive amount of concrete than it should have 

done. Consequently, more reinforcing rebars were exposed which contributed to 

accelerate propagation of the concrete crack. Deficiencies in the overpass were 

observed but not addressed during the repair work. 
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Figure 2.6 Perspective View of the Rebar Layout in the Chair Bearing Support Region 

as Specified on the as Designed Drawings 

 

 

Figure 2.7 Details of the reinforcement layouts as-designed versus as-built 

in the east abutment 
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2.2.5 Lessons Learned 

As the result of the commission investigation on the collapse of the de la Concorde 

overpass, recommendations were made in terms of code provision, management, 

inspection and maintenance requirements for all bridge structures. The commission 

identified four organizations and individuals responsible for unprofessional work as 

contributing factors to the overpass failure [1]. To ensure such events never recur, the 

commission made recommendations based on a variety of sources [1]: 

 

● Revise CSA-S6-2006 to require minimum shear reinforcement in thick slabs 

● Update CSA-S6-2006 and CSA-A23.1-2004 to require the use of high-quality 

concrete for all bridges 

● Provide an effective surveillance of scientific intelligence processes to ensure 

designers updated with new developments in the field. 

● Update the inspection and evaluation manuals to emphasis on the timing of 

interventions, crack inspections and interpretation and structural condition 

assessment. 

● Implement a control and supervision system with regard to bridge design and 

construction. 

● Develop a national bridge rehabilitation program to inspect and rehabilitate existing 

bridges nationwide. 

 

Other Lessons Learned: 

● The need of extensive research to understand the behavior of concrete structure 

under a variety of loading scenario. 

● Increase in government budget for critical infrastructures to prevent the use of low 

quality material during construction and provide sufficient funding for maintenance 

and inspection. 
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2.3 Seongsu Bridge (Seoul, South Korea) 

In order to have a clear understand of the failure mechanism of the Seongsu Bridge, it is 

first necessary to provide the fundamental characteristics of its design. Assessments of 

possible causes conducted by the Commission is summarized. Last but not the least, this 

case study is concluded by lessons learned from the collapse of the bridge. 

 

2.3.1 History 

The Seongsu Bridge is a bridge over the Han River in Seoul linking the Seongdong and 

Gangnam districts. However, the original Seongsu Bridge collapsed on October 21, 1994 

when it was still in service. A bus and 6 passenger cars fell into Han River due to the 

collapse. Since it was the morning peak hour, this accident caused 32 people died and 

17 people injured [5]. 

 

Figure 2.8 Seongsu Bridge after collapse [6]. 
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2.3.2 Structure Type 

This is a cantilever bridge which was initially completed in 1979 with total length of 1160 

m and width of 19.4 m [4]. This bridge consists of 7 spans which are all made of steel 

trusses. The middle part of the bridge are 5 identical spans which are 120 m individually. 

For each of the 5 spans, a 48-metre suspension beam in the middle was connected to 

the fixed supports at each end. In the accident, the failure part is this 48-metre suspension 

beam. 

 

Figure 2.9 The Structure of Seongsu Bridge [5]. 

 

2.3.3 Failure Description 

At 07:40 AM on October 21, 1994, 48 meters of the central region of Seongsu Bridge 

collapsed. An urban bus and 6 passenger cars fell into the river which is about 20 m below 

one after another. The fallen bridge girder did not sink into the water surface because that 
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was in dry season and the water depth was only 3-5 meters. This accident had severe 

consequence because it is a key component of Seoul’s traffic network. 

 

2.3.4 Reasons for Failure 

After the accident happened, a complete investigation was carried on. The consultants 

concluded 10 possible reasons which could result in the failure. The doubled traffic 

volume could be an objective reason, but the more important reasons are from the 

construction perspective. 

1. Bad welding of the suspension.  

As shown in Figure 2.10, the insufficient welding on the edge resulted in the 

development of the fatigue crack. Then the crack became the rupture.  

 

Figure 2.10 Welding Comparison [5]. 

 

2. Insufficient joint connections.  

As shown in Figure 2.11, there are many missing high-tensile bolts, which was a 

mistake of construction. 
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Figure 2.11 Photo of the bolted connection [5]. 

 

3. Chloride corrosion 

Seongsu Bridge was sprayed Calcium Chloride of 8 tons every year for melting 

snow. However, Chloride permeates into the structure through the cracks by poor 

weldings.  

 

4. Construction and Maintenance  

● Immature construction 

● No technical standards on in service maintenance 

● Limited financial resources for periodic check 

● No survey on inspecting on the increase of traffic load 

● No technology standard on maintenance and welding of the bridge. 

● There was a social trend to build roads vigorously quickly and cheaply. 

 

2.3.5 Lesson Learned 

Below are lessons learned from the failure of this bridge. 
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1. In design process 

 For design engineers, knowing the current construction technology is 

absolutely necessary. Design engineers shall not design for the best 

scenario for construction.  

2. In construction 

● Strictly obey all the construction standards and the design drawings. 

● Shall not be jerry-builders 

3. In maintenance 

● Do periodic check while in service. 

● Pay attention to any abnormal signals such as big swing, unexpected 

settlement of road surface. 

 

2.4 Bridge 9340 Collapse 

In order to learn from the past failure, it is essential to first investigate the fundamental 

design philosophy of this bridge with sufficient background information. Based on that, 

identify any possible underlying causes of the collapse. Results of the entire assessment 

would be concluded with lessons learned from the failure of this bridge.   

 

2.4.1 History 

Bridge 9340 (also known as I-35W Mississippi River Bridge) over the Mississippi River in 

Minneapolis was designed by Sverdrup & Parcel based on 1961 AASHO Standard 

Specifications for Highway Construction [7]. The bridge was constructed by Hurcon Inc. 

and Industrial Construction Company in 1964 as shown in Figure 2.12, and it collapsed 

in 2007 [8]. The service life of bridge 9340 is shorter than 50 years. 
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Figure 2.12 Bridge 9340 Before Collapse [7] 

 

2.4.2 Bridge Type and Structure Detail 

This 1906 feet long deck-truss bridge has eight lanes that was able to carry 144,000 

vehicles over the Mississippi River on a daily basis [8]. Figure 2.13 provides a general 

side view of the entire bridge. The bridge sections were supported by 13 reinforced 

concrete piers, and the roller bearing that sits on the pier (shown in Figure 2.14) provides 

flexibility to encounter any temperature and load changes [9]. Of the 14 spans, 6 of them 

are north approach spans, 5 are south approach span, and the rest 3 are main spans. As 

shown in Figure 2.14, the main section obtains a steel structure that is in composite of 

truss members and welded built-up steel beams connected with riveted and bolted 

connections, and it supports roadway decks [10] [11]. Two of the approach spans were 
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simple concrete slab, and the rest approach spans were concrete slab supported by steel 

multi-girder [12]. 

 

Figure 2.13 SideView of Bridge 9340 [10] 

 

Figure 2.14 Gusset Plate and Roller Bearing [10] 

2.4.3 Failure 

At local time about 6:05 on August 1, 2007, the main spans of this highway bridge 

experienced a catastrophic collapse. The collapse directly dropped 17 vehicles into the 
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Mississippi River, killing 13 people and injuring 145 [7]. Figure 2.15 is a photo taken after 

the collapse. 

 

Figure 2.15 Bridge After the Collapse [7] 

 

2.4.4 Causes of the Failure 

Following the collapse, a number of organizations conducted a series of comprehensive 

investigations. The National Transportation Safety Board (NTSB) stated that the probable 

cause of collapse was a lateral shift of a structural member, and this shifting directly failed 

an undersized gusset plate that the shifted member was connected to due to an improper 

design [7]. The gusset plate failed under a combination of two reasons: (1) substantial 

deal load increase from a series of bridge modifications over the past years; (2) the rush 

hour traffic loading as well as construction loading including heavy construction 

equipment and materials. As shown in the finite element model on Figure 2.16, the lateral 

shift directly caused the gusset plate to bow, and it was consistent with the post-accident 

onsite observation [7]. It is also worth notifying that the bridge was designed in the era 

when redundancy was not widespread. Therefore, failure in any part of the structure could 

bring the entire bridge down [9]. In the accident report prepared by NTSB, it is also stated 
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that corrosion damage on the gusset plate, preexisting cracking on the bridge deck and 

approach spans, or temperature conditions were not the cause of this catastrophe [7]. 

 

Wiss, Janney, Elstner Associates, Inc., an engineering firm, concluded with similar results. 

They also believed the actual capacities of these gusset plates are roughly half of the 

capacities provided by sections selected based on design code requirements [12]. 

However, not everyone believed the undersized gusset plates to be the cause of this 

collapse. Thornton Tomasetti, another engineering firm, also did a series assessment. 

Unlike NTSB, they claimed the real cause of the catastrophe was a buckling of a steel 

beam instead of the undersized gusset plate nearby. Moreover, Thornton Tomasetti 

stated that weather was a contributor. The roller bearing designed to allow thermal 

expansion failed to perform due to severe corrosion. 

 

 

Figure 2.16 Finite Element Model of the Gusset Plate [13] 
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2.4.5 Lesson Learned 

Even though the fundamental cause the disaster is not universally agreed in the industry, 

all the information gathered should still be used to educate engineers, architects and 

politicians. 

 

According to the report presented by NTSB, the gusset plate has been proven to be 

undersized [10]. No matter whether this is the first location that failed during the collapse, 

this kind of situation must be avoided in any later design. Therefore, designer must strictly 

follow the latest local design code, and the design firm must come up with a procedure to 

catch up any mistakes made by engineers and control the quality of their designs. 

Moreover, Federal organizations should also reinforce their reviewing procedures to 

ensure every approved design to be safe.  

 

Due to the nature of this structure, a bridge is usually designed to serve up to 50 or 100 

years, and the collapse happened at any time within would considered to be a failure. The 

structure designed properly by designers would only be reliable if they are constructed 

and maintained with the same level of carefulness. Although, NTSB stated that the 

corrosion damage, preexisting cracking and fracture of a floor truss are not the main 

cause of the collapse [10], these conditions still proved that the bridge was lack of 

maintenance. Actually, the bridge has been rated as “structurally deficient” since 1991, 

however, the repair process since then was insufficient. When allocating funding to the 

infrastructure department, it might be worth to consider what portion should go to 

maintenance instead of constantly building new infrastructures. 

 

2.5 Tacoma Narrows Bridge Collapse 

In order to learn from the past failure, it is essential to first investigate the fundamental 

design philosophy of the specific bridge providing sufficient background information. 

Based on that, any possible underlying causes of the collapse should be identified. 

Results of the entire assessment would be concluded with lessons learned from the 

failure of this bridge.   
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2.5.1 Background Information  

The Tacoma Narrows Bridge is a pair of twin suspension bridges that connect the city of 

Tacoma with the Kitsap Peninsula in the United State [14]. The bridge was opened on 

July 1st, and collapsed on November the seventh [14]. Due to budgets shortcut, and 

variety of reasons, it received a nickname “Galloping Gertie” since worker had observed 

huge vertical movement while the wind is blowing at the bridge during construction, many 

people came to cross the bridge after opening to experience this exaggerated motion for 

excitement [14] [15]. The collapse of this bridge happened in 4 months after the opening, 

fortunately resulting in zero death, a dog died however, but it became a wakeup call to all 

engineers in the 40s who neglected the effect of the wind, and started to put aerodynamic 

forces into account of the bridges design [14] [15]. Also, the construction of the bridge 

was right after the Great Depression, and the shortcut on the budgets as well as the 

appearances of the bridge made the bridge much more vulnerable to the dynamic forces 

that bridge may well be experienced [14] [15].  

 

Figure 2.17 “Tacoma Narrow Bridge west view from easterly pier” [17] 

 

https://en.wikipedia.org/wiki/Twin_bridges
https://en.wikipedia.org/wiki/Suspension_bridge
https://en.wikipedia.org/wiki/Suspension_bridge
https://en.wikipedia.org/wiki/Tacoma,_Washington
https://en.wikipedia.org/wiki/Kitsap_Peninsula
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The bridge has a mid-span length of 2800 feet, and width of 39 feet (center to center) [16]. 

The design was acceptable in the particular time since aerodynamic forces were little 

understood, and the engineers were shock that the bridge had failed due to wind with 

higher velocity [14] [17].  

 

2.5.2 Failure 

After the investigation towards this collapse, there are three key points that stood out. The 

Carmody Board announced that the first principal cause of the failure was its “excessive 

flexibility”, which means that the bridge is vulnerable in vertical and torsion [14] [15]. The 

reason behind is the deck was too shallow, as well as the side spans were too long 

compared to the midspan causes the solid plate girder and deck acted up and down like 

an aerofoil as shown in Figure 2.18. The final reason is what mentioned, which is lack of 

knowledge on aerodynamic that made a practical design at the time caused this collapse 

[15].  

 

  Figure 2.18 “Tacoma Narrows Failure Mechanism” [15] 
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During the collapse, the main suspension cables were destroyed when they were twisted, 

and thrown into the air. When the north cable loosened, it broke more than 350 wires as 

well as severely stressed and distorted several others [15]. The collapse broke many 

suspender cables but left some undamaged [15]. The main towers (West Tower, #4; and 

East Tower, #5), were twisted and bent which resulted in buckling and distortion [15]. The 

concrete and steel of the center span was wrecked and the deck-floor system had 

sections that were bent and overstressed [15]. The collapse caused significant damage 

the sides spans, it stressed, distorted, and ruined some of the plate girders and floor 

beams and caused fractional shearing of rivets that connected the towers to the piers [15]. 

However, the anchorages of the main cables were unharmed [15]. 
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Figure 2.19 “Failure mode for Tacoma Narrow Bridge” [15] 
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2.5.3 Lesson Learned 

When the Narrows Bridge failed, the suspension bridge engineers believed, lighter and 

narrower bridges were both theoretically and functionally sound. But, they were 

completely ignorant to the vertical movement that wind created. As such, the Narrows 

failed from light spans with flexible decks that were very vulnerable to aerodynamic forces. 

As a result, suspension bridge engineers learnt to take aerodynamics into account and 

consider it as a factor when designing suspension bridges. In addition, they began to do 

research and tests in order to properly understand the forces of aerodynamics [15] [16]. 

 

 

2.6 Conclusion 

Bridge structures failure have occurred over the years, at different locations and for 

various causes. Typically causes of failure have been found from four main aspects: 

design, construction, inspection and maintenance. The four cases that are presented in 

this section represents possible mistakes and potential consequences of not being careful 

with design, construction, inspection and maintenance of these structures. Lessons 

learned from these failures are discussed in order to prevent any future disasters that are 

similar and preventable. Emphasis are made on necessary improvements to code 

provisions and standards, the need to abide to these codes, the need to fully understand 

the characteristic and environment of the design structure, and last but not the least, the 

importance of proper inspecting and maintaining the structure until the end of its lifespan.  
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3.1 Introduction 

In order for engineers to execute adequate bridge design for every scenario, it is essential 

to have a comprehensive understanding on every aspect of the design, from material, 

cross-sections, types of bridge and construction technologies. Section 3.2 starts with 

introductions of common materials used in bridge structures with emphasis on the 

differences between reinforced and prestressed concrete materials, as well as the types 

of reinforcement. In Section 3.3, the overall geometry of different types of bridge and 

various cross-section options are explored. Different types of bridge and their applications, 

concludes by the advantages and disadvantages regarding to each type of the bridge are 

discussed in Section 3.4. Finally, Section 3.5 presents various construction technologies 

available to put bridges in place. 

 

3.2 Material 

A bridge could be classified based on the principle materials used in its main structure. 

Through the ages, various materials were used to construct bridges including masonry, 

timber, steel, reinforced concrete and prestressed concrete. These materials differ in their 

properties such as strength, weight, durability and even resistance against corrosion. 

Therefore, structural engineers should select these materials accordingly based on the 

external condition and the design requirements. 

 

3.2.1 Masonry 

As shown in figure 3.1, a bridge that is constructed with natural stone or brick with mortar 

is generally considered to be a masonry bridge [1]. Masonry bridge are often designed in 

an arch shape to develop the load bearing structure, and it is known as one of the most 

ancient bridge. The bridge shown in Figure 3.2 is the Arkadiko Bridge constructed in 13th 

century BC, and it is still in existence and use [3]. A significant number of masonry bridge 

are found to last over a thousand years due to its high durability. To make the bridge 

durable, a sound weather-resisting stone should be selected, and rocks such as granite, 

gneiss and crystallized limestone are found to be generally suitable. Although the 
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masonry bridge almost need no maintenance, it requires a considerable capital cost 

because of the high labour intensity during construction [4].  

 

Figure 3.1 A Typical Masonry Arch Bridge [2] 

 

Figure 3.2 The Arkadiko Bridge in Greece [3] 
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Masonry bridges are usually designed with a limited span due to the high amount of 

materials required as well as the high labour intensity [6]. During middle ages, almost all 

bridges were built with stone masonry [4]. Nowadays, the material of masonry started to 

be replaced by concrete. However, sometimes bridges are built with the aesthetics of the 

masonry bridge to obtain the elegant appearance as shown in Figure 3.3. 

 

 

Figure 3.3 Masonry Aesthetics [1] 

 

Advantages 1. Architectural attractiveness [1]. 

2. High resistance to corrosion and fire [1]. 

3. High compressive strength [5]. 

Disadvantages 1. High labour intensity during construction [1]. 

2. Degradation under extreme weather condition [1]. 

3. Reliance on strong foundation [5]. 

4. Low tensile and torsional capacity [5]. 

Applications It is generally constructed in short spans over small bodies of water 

and canal [5]. 
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3.2.2 Timber 

Similar to masonry bridges, timber bridges also have a long history. In fact, wood was 

considered to be the major material to build the bridge up to 20th century, because it is 

abundant, versatile and easily obtained [7]. Although timber bridges were starting to be 

replaced by concrete and steel bridges over the past few decades, it does have its own 

future due to its renewability. Theoretically, forests tend to last forever, if it is scientifically 

managed and protected from natural disaster and excessive exploitation. Thus, older 

trees that are harvested would be replaced with younger trees to maintain a dynamic 

equilibrium [7]. Other than renewability, there are extensive advantages in terms of using 

wood to build bridges. First of all, due to its light weight, a timber bridge generally obtains 

a really high strength to weight ratio, and its energy-absorbing property allows it to survive 

short-term overloads without adverse effects [7]. Since timber bridges require minimal 

equipment, the construction of timber bridges is considered to be much simpler without 

highly skilled labours compared to bridges made of other materials [7]. Moreover, wood 

is also considered to be economically competitive on both first-cost and life-cycle basis 

[7]. The unique aesthetic and natural appearance makes it suitable in a natural 

environment as shown in figure 3.4.  

 

Figure 3.4 Typical Pedestrian Timber Bridge [8] 
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Despite of the advantages mentioned, bridge designers still use timber with great 

hesitation. One of the biggest cause for this situation could be the insufficient familiarity 

of this material. Bridge designers are well educated about concrete and steel, however, 

most of them do not have the same level of understanding in wood [7]. Therefore, the 

design of timber structure should be well educated to all engineers, so that every 

beneficial attribute of timber bridge could be carried forwards. 

Advantages 1. High strength to weight ratio [7]. 

2. Capable of supporting short term overloads without adverse 

effects [7]. 

3. Renewable and sustainable. 

4. Relative low costs [7]. 

5. Minimal equipment required in construction [7]. 

Disadvantages 1. Susceptible to damage caused by insect attacks and severe 

weather[8]. 

2. Biotic and abiotic deterioration [8]. 

3. Sensitive to moisture [10]. 

Applications It is most popular as short spans pedestrian bridge or temporary 

bridge [11]. 

 

 

3.2.3 Steel 

With the industrialization in the 19th century, truss system was developed with the use of 

iron to build large span bridges [11]. Steel, known as a form of iron, later became a 

favorable material to construct bridges due to its superior strength and ductility as shown 

in Figure 3.5[13]. Properties like strength and ductility of steel are highly depend on the 

chemical composition and the manufacture processes [14]. Thus, designers could take 

the advantage of its manipulatable property to design different bridges accordingly. 

Moreover, different kind of steel would be used for different parts of the bridge structure 

accordingly. For example, steel plates are usually hot rolled, and cast steel may be used 

for bearing. For ropes and cables, special steel that has additional tensile strength would 
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be used [13]. Thus, engineers must have profound knowledge of the behaviour of each 

kind of steel in order to use them effectively.  

 

Figure 3.5 Typical Property of Steel [14] 

 

The design of suspension bridges (Figure 3.6) and truss bridges (Figure 3.7) are 

commonly relied on the use of steel, which means steel could be used to build long span 

bridges that are over 1000 metres. Its high ductility and strength, especially in tension, 

makes it irreplaceable in a seismic design. Moreover, steel is also considered to be 

sustainable since it is recyclable. As shown in Figure 3.8, steel products that are at the 

end of their useful lives can be reused or recycled to build new bridges or even other 

structures [14]. Aside from its advantages, a steel bridge also has its drawbacks. For 

examples, it is significantly more expensive than other typical materials such as wood 

and concrete. Furthermore, steel bridges generally have a much lower resistance to 

corrosion and fire unless treated properly, which significantly increases the maintenance 

costs [17]. 
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Figure 3.6 Typical Steel Suspension Bridge [15] 

 

 

Figure 3.7 Typical Steel Truss Bridge [16] 
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Figure 3.8 Lifecycle of Steel Product [14] 

 

Advantages 1. High strength uniformly. 

2. High ductility and elasticity. 

3. Predictable stress and strain performance especially before 

the yield point. 

4. High strength to weight ratio [17]. 

5. Assembled relatively quickly due to prefabrication [17]. 

6. Recyclable [14]. 

Disadvantages 1. Expensive regards to both fabrication and maintenance [13]. 

2. Low resistance to fire. 

3. Low resistance to corrosion with insufficient treatment. 

4. Susceptible to buckling. 

Applications It is usually used in truss systems or suspension bridges with various 

span lengths. It is also used when the construction duration is a 

constraint. 
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3.2.4 Concrete 

Conventional concrete is in composition of cement, aggregates and water. It started to 

gain its popularity since the invention of Portland cement in the 19th century [18]. 

Concrete is generally known to have a moderate compressive strength with a significantly 

lower tensile capacity. as shown in Figure 3.9.  

 

Some of the physical properties of concrete can be adjusted by changing the water 

cement ratio, chemical admixtures or even curing process. The purpose of adding 

admixtures to the cement is to let the concrete gain certain preferred properties. For 

examples, fly ash and silica fume are typical admixtures used to increase the durability of 

the concrete [18.1]. Table 3.10 provides an overview of general features of main types of 

Portland cement. 

 

Table 3.10 Different Types of Portland Cement [18.15] 

 

 

Normal concrete usually obtains a compressive strength between 10 to 40 MPa [18.1]. 

However, by lowering the water to cement ratio under 0.35, the compressive strength 

may exceed 40 MPa [18.1]. Moreover, if the concrete is reinforced with steel fibres, it may 

even reach 150 MPa [18.2]. The variation of the stress strain relationships regards to the 

change in strength is shown in Figure 3.9. 
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Figure 3.9 Stress Strain Relation of Concrete with Different Strength [18.3] 

 

Unlike other materials such as steel, the stress strain relationship of concrete depends 

on the rate of loading as well as the duration of the loading, and this phenomenon is 

known as creep [18.4]. Moreover, concrete tends to lose its moisture with time which 

causes a decrease in its volume, and this process is known as shrinkage of concrete 

[18.4]. Both of these phenomena would develop strains that have significant impacts on 

the long-term stress strain relationships of concrete as shown in Figure 3.11. 
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Figure 3.11 Creep and Shrinkage Effect [18.5] 

 

 

 

3.2.4.1 Reinforced Concrete 

As mentioned in the previous sections, plain concrete is known to have a relatively low 

capacity in tension and low ductility. Therefore, reinforcements are usually embedded to 

provide additional tensile strength and ductility under reasonable costs. This composite 

material is addressed as reinforced concrete as shown in Figure 3.9. 
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Figure 3.9 Typical Reinforced Concrete Sections [19] 

 

3.2.4.1.1 Steel Reinforcement 

Steel reinforcing bars, also known as rebars, is one of the most common reinforcement 

due to many reasons. For example, concrete has an adequate compressive strength, 

whereas its tensile strength is only about 10% of its compressive strength [20]. Steel 

sections on the other hand are strong in tension but tend to buckle in compression. As 

mentioned in the previous section, steel itself is quite expensive to use, however, it could 

be much cheaper to use as rebars in concrete. Moreover, steel generally has low 

resistance to fire, and this problem could be mitigated by covering it with concrete since 

concrete has a relatively high fire resistance [21]. Thus, the combined use of steel and 

concrete in the reinforced concrete sections could take the advantage of properties in 

both materials.  
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Aside from their differences, there are also some similarities between these two materials 

which make them compatible under the same sections. For instance, normal concrete 

reaches its peak compressive stress when the strain is around two parts per thousand, 

and it is incredibly close to the yield strain of ordinary steel rebars. Furthermore, normal 

steel and concrete have similar thermal expansion coefficient, which allows rebars and 

concrete covers bond together even there is a temperature change. To increase the bond 

strength between rebars and concrete covers, rebars are often designed as shown in 

3.10 to have a greater surface area [20].  

 

 

 

 

Figure 3.10 Typical Deformed Bars [20] 

 

Advantages 1. Relatively high compressive strength [22]. 

2. Adequate fire resistance [21]. 

3. More economical than using pure steel in most cases [22].  

4. Long service life with low maintenance costs [22]. 

5. High material availability [23]. 

6. Can be molded to any required shape [23]. 

Disadvantages 1. Relatively low tensile strength compared to steel [21]. 

2. Strength affected by mixing, casting and curing [23]. 

3. Strength lost due to concrete creep and shrinkage [23]. 

4. Steel reinforcing bars are corrosive. 
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5. Greater self-weight compared to steel. 

6. Limited recyclability.  

Applications Reinforced concrete members are used in most bridges. Most 

highway bridges are reinforced concrete bridges. 

 

3.2.4.1.2 GFRP Reinforcement 

Corrosion of steel reinforcing bars could cause catastrophic failure in reinforced concrete 

structure. Thus, glass-fibre reinforced polymer (GFRP) gains its popularity in recent years 

due to its resistance to corrosion [24]. As shown in Figure 3.11, GFRP rebars are 

generally made into the similar shape as steel rebars to have the similar installation 

manner. GFRP is artificially made of a number of materials such as glass, carbon and 

fibres of polymer which makes it much stronger but more brittle than regular steel [25]. 

Moreover, concrete reinforced with GFRP rebars are magnetically and electrically neutral. 

Since it does not disturb any signal transmission, any induction coils can be installed 

around. Therefore, concrete reinforced with GFRP rebars are preferred when building 

railway bridges [27]. Regarding to the level of maturity, conventional reinforcing materials 

such as steel rebars are still far more mature and safe to use than GFRP. Further 

researches need to be conducted to perfect the corresponding design guidelines. 

 

Figure 3.11 Typical GFRP Rebars [26] 
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Advantages 1. Impervious to deicing chemicals [28]. 

2. Greater tensile strength than steel with a lighter weight [28]. 

3. Electromagnetically neutral [26]. 

4. Longer service life than normal steel rebars [28]. 

Disadvantages 1. Brittle compared to steel [29]. 

2. Low modulus of elasticity [29]. 

3. Relatively low shear capacity [29]. 

4. Low flexibility [29]. 

5. Further researches required to fully explore the behaviour of 

GFRP and perfect the design guidelines. 

Applications They are preferred to use in corrosive environments such as bridges 

over salty water bodies or bridges exposed to deicing chemicals. 

Bridges that are electromagnetically sensitive are also recommended 

to use GFRP rebars [27]. 

 

3.2.4.2 Prestressed Concrete 

Evolved from reinforced concrete structures, French structural engineer Eugène 

Freyssinet introduced the concept of prestressed concrete, which involves the use of high 

strength concrete and prestressing tendons to control cracks and deflection [30]. Tendons 

are formed by high strength strands or wires grouped together [31] (Figure 3.12). The use 

of tendons is twofold. First, it acts as additional reinforcement in concrete member. 

Secondly, by prestressing the tendons, a compressive force is introduced to the concrete 

member to counteract the tensile stresses resulted from an applied force [31]. Because 

concrete material is much stronger in compression than in tension, pre-compress the 

concrete member will greatly improve its overall “tensile” capacity before fracture. 

However, prestressing the concrete does not increase its ultimate strength but rather 

shifted the initial point of equilibrium.    
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Figure 3.12: Typical Prestressing Tendon with Seven-strand Wires [33]  

 

Prestressed concrete are widely used for bridge designs, especially for large bridge spans 

that are not feasible or economical to design by typical reinforced concrete. Although the 

use of prestressed concrete has significant advantages over reinforced concrete, it also 

exhibits several limitations. Table 3.1 summarizes the main advantages and 

disadvantages on the use of prestressed concrete, with emphasis on bridge applications.  
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Figure 3.13 Stress-Strain Relationship 

Table 3.1 Advantages and Disadvantages 

Advantages 1. Reduce the size or dimension of structural members with better 

control on cracks and deflection, which also reduce the cost on 

materials [34] 

2. Permits the use of large spans with shallow cross sections [32] 

3. Provide extra ductility into concrete member to mitigate the 

impact of shock and vibrations [33][34] 

Disadvantages 1. The unit cost of high strength material is higher, thus 

throughout considerations need to be made before choosing 

prestressed concrete instead of conventional reinforced 

concrete [34] 

2. Extra cost due to the use of prestressing equipment, 

installation, and labour [34]. 

Applications           Prestressed concrete is an alternative to reinforced concrete   

          when the design member is governed by tension or deflection,  

          and when crack control is a top concern. 
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3.3 Cross Sections in Reinforced and Prestressed Concrete Bridge 

A well-established knowledge on available choices of cross section can greatly facilitate 

the preliminary bridge design. This section focus on summarizing major types cross 

sections that are currently used for the construction of reinforced and prestressed 

concrete bridge. The choice of cross section shall be justified based on factors including 

span length, site layout, cost-effectiveness and safety concern.  

 

Slab bridges is generally the simplest bridge cross section. It can be used for single span 

and multispan bridges with span length up to 12m [94]. For short spans, one solid 

reinforced concrete slab spans between two abutments with no intermediate supports. 

Simple reinforcement design is enough to carry the load. For longer spans, care needs 

to be taken to mitigate the extra self-weight introduced by the thicker slab. This can be 

achieved by adding prestressing bars to control the crack and deflection, and/or 

introducing “voids” into the slab to reduce its deadweight [95]. Figure 3.14 shows an 

example of simple concrete slab bridge and the cross-section diagram is shown in Figure 

3.15).  

 

 

Figure 3.14 Simple Concrete Slab Bridge [95]. 
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As the spans increase, the required depth of slab is increased. Since the material near 

centre of gravity contributes little for flexural strength, box girders are evolved from simple 

slabs to optimize the design of bridge cross sections. Typical box girders used are shown 

in Figure 3.15. Box girders have been widely used as an economical and aesthetic 

solution for modern highway system and bridge spans up to 150m. The interior of box 

girder can be used to accommodate utility lines and for maintenance service as well. 

However, due to the inaccessibility of bottom flanges and complex geometry, box girders 

are difficult to cast in-situ, which limits the option for design and construction. [96]  

    

3.15 Cross Sections of Bridge [96]. 

 

 

3.4 Bridge Types 

Aside from the principle material used, a bridge could also be classified based on its main 

structural type. Through the ages, various types of structure are being used to construct 

bridges including Beam Bridge, Truss Bridge, Arch Bridge, Cantilever Bridge, Suspension 

Bridge and Cable Stayed Bridge. Each type of these bridges has its unique advantages 

and disadvantages. Therefore, structural engineers should have a clear understand of 
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their applications and limitations to use them accordingly based on the design 

requirements. 

 

3.4.1 Beam Bridge 

3.4.1.1 History of Beam Bridges 

The history of the beam bridge, also known as girder bridge, can be traced back to the 

ancient time, where the first documentary beam bridge is being built in 8th century BC 

from the ancient Greece that is made by wood [39]. The inspiration is coming from 

observing and imitating the nature, in which, falling tall trees in the forest that are across 

the streams and rivers [39] [40]. For lacking technology back then, beam bridge may be 

the ideal bridge type to move across and reach to the destination much faster, due to its 

simplicity [39]. Also, this may be the earliest bridge type, and human being started from 

this while improving technology and more mechanical studies in order to create new types 

of bridge to move across longer span or more complex situation that beam bridge could 

not [39] [40].  
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       Figure 3.16 “Hiker crossing using falling tree as bridge” [41]  

3.4.1.2 Appearance of Beam Bridges                                      

The beam bridge has very neat structure. Generally, there are only three major parts of 

a beam bridge, which are the deck, the pile and the pile base, while the deck is laying on 

the pile supported by the base [42]. Based on different situation, for example, the length 

of the river span, the bridge may look differently than the one with shorter distances. 

 

        Figure 3.17 “Different Types of Beam Bridge” [43]  

 

3.4.1.3 Characteristics of Beam Bridges 

The principal of the beam bridge are tension and compression, which the beam itself must 

resist torsion and bending, not at the supporting ends, because of this, beam bridges are 

relatively short (usually not longer than 250 ft.) and need to have piers or supports in 

between to make it possible, but in most situation, it is very impractical [42] [44]. When 

there are loads on the bridge, the loads will cause the beam to deform and creates tension 
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on top and compression down bottom, then the whole weight acting on the piles which 

transfer loads to the support [42] [44].  

 

Advantages of Beam Bridge: 

● In short span, beam bridges are very helpful [42] [44]. 

● The design of the bridge is simply, if the situation needs a longer span, more piers 

or supports could've connect the beam to make the bridge meets its requirement 

[42] [44]. 

Disadvantages of Beam Bridge: 

● Despite how simply the bridge may be, beam bridge has a high building costs [42] 

[44]. 

● Due to its characteristic, the span of a single beam cannot be too long. This make 

longer beam bridge impractical in some situation where the middle piers are 

difficult, highly cost or impossible to build [42] [44]. 

● Droop in between piers may happen due to variety of loads acting on the bridge 

and causing failure [42] [44]. 

 

  Figure 3.18 “Beam Bridge Force Analysis” [45]  

 

3.4.1.4 Type of material used and different shapes in Beam Bridges 

In the modern beam bridge design, most general type of material used are steel and 

concrete, and back in the early B.C. when ancient Rome build the bridge using the rock 
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as well [39] [40] [46]. Usually, the bridge contains mix of concrete and steel due to its 

characteristic of working on tension and compression since steel is strong in tension but 

weak in compression, while concrete material served the opposite, this make these two 

material perfectly fit to use for building beam bridges, which is the reinforced concrete 

[46]. There are also many other types of reinforced concrete such as pre-stressed etc.  

 

Furthermore, cross-section of the steel beam can vary due to different situation. There 

are three types of steel beam’s cross-section [46]. The general three shapes are the 

Hollow, I-beam and L-shape [46]. Different cross-section provides unique function to meet 

each of the design requirements such as different strength and rigidity [40]. This cross-

section provides great strength to weight ratio compare to a solid cross section [40]. 

 

 

         Figure 3.19 “Cross-section of steel beam” [46] 

 

3.4.1.5 Application of Beam Bridges 

Beam Bridges or Box-Girder Bridge are commonly seen on the highway road, since 

designer can design a multi-layer system easily since the only things needed for a beam 

bridge design are two support ends and one beam repeat it continuously. Bridges can be 

built on top of each other as well as road which may save many spaces since there are 

no cables at the top to block other bridges. 
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Figure 3.20 “Highway System” [47] 

 

3.4.2 Truss Bridge 

3.4.1.1 History of Truss Bridges 

Truss bridges are also one of the oldest bridge type of all-time [48]. However, the first 

documentary wooden truss bridge was not concerning until 1570 published by Andrea 

Palladio, who is the first ever promote the uses of wooden trusses for a bridge design 

[48]. In the United States, builders start commonly build wooden truss bridges due to its 

characteristics in the beginning of the late 1700’s [48]. After many innovators done the 

researches and experiments, metal truss bridges start to become popular from the late 

19th through the early 20th century, because they are cost efficient and easily built [49]. 

Also, the concept of truss bridges is building on top of the simply supported beam bridge, 

where many bridges in the modern day combined these two types of bridges together 

[49].   
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   Figure 3.21 “Wooden Truss Bridge” [50] 

 

3.4.1.2 Appearance of Truss Bridges 

The truss bridge has unique structure types. The modern truss bridges are assembly from 

floor beams, chords, bracings, panels, vertical hips, struts and decks. As the diagram 

shown, deck will be on top of the floor beam, and trusses layer being braced top and 

bottom laterally which looks similar to adding a hollow box on top of a beam bridge [Figure 

3.22].  
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Figure 3.22 “Truss Bridge Cross” [51]  

 

3.4.1.3 Characteristics of Truss Bridges 

Truss Bridges also works on the principle of tension and compression [52] [53]. As the 

diagram shown below, the floor slabs and the middle-inclined trusses are completely in 

tension, while the top structure and the vertical hips are in compression. Instead of 

transforming the forces into the ground support, the truss bridges split the loads on the 

floor slab to the truss towards two ends in order to withstand self-weight and live loads on 

the bridge. It often builds faster than the concrete made bridges [54]. 

 

Advantage of Truss Bridges: 

● Cost effective. Due to its characteristic, every element in the bridge are quite 

efficient in terms of withstanding loads. It also uses cheaper material to build [54] 

[55].  

● Triangular design is very stable [55]. This make the structure become much 

stronger [54] [55]. 

● Very convenient during the construction process, and less effect onto the traffic 

since it is the only bridge type can be placed directly on type of a roadway [55]. 

● Variety of usage, could theoretically been built in any places if the bridges are 

properly designed [55] 
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Disadvantage of Truss Bridges: 

● Despite of its cost effectiveness, it usually has expensive building cost [54]. 

● Often have complicated design due to amount of parts and often hard to tell which 

parts if things go wrong [55]. 

● Hard to maintenance [54] [55]. 

● Easily lead to waste of material. During construction phase, if anything goes wrong, 

the entire sub-part is wasted [54] [55]. 

● Taken lot of space. Often needs to make adjustments on the surrounding lands 

[54]. 

 

                                  Figure 3.23 “Truss Bridge Force Analysis” [56]  

 

3.4.1.4 Type of material used and different shapes in Truss Bridges 

In the modern design of the truss bridges, steel is the most commonly used material [49]. 

Steel are relatively lighter compare it to stone for example, and also stronger than wood 

in tensile forces, which before the late 19th century, bridges were still been built commonly 

by using timber [48] [49].   
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The trusses could be in different types of permutation in order to meet the design’s 

requirement. Depends on different situation, trusses arrangement may vary, it could be 

curved or straight [52].  

 

                      Figure 3.24 “Type of Truss Bridge” [57]  

 

3.4.1.5 Application of Truss Bridges 

Due to its characteristic, truss bridges can be located in any situation. However, based 

on its disadvantage, builder may want to consider its budget and surroundings, because 

it could take many spaces and despite its shorter duration of construction time. Also, due 

to its highly cost to maintenance, designer has to taking the account of difficulty of 

maintenance as well [54] [55].  
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3.4.3 Arch Bridge 

3.4.3.1 History of Arch Bridges 

Arch Bridges are also one of the oldest bridge type in the world [58]. As the diagram below 

shown is possibly the oldest arch bridge that still standing, built by the ancient Greece in 

around 1300 B.C. named Mycenaean Arkadiko bridge [58]. Arch design was very popular 

in the Roman Empire, and they built the Arch Bridges by using wood and stone [59]. The 

architects were able to build more than 1000 bridges back in the day all around the world, 

such as Europe and Asia [59]. Many of those masterpieces are still standing nowadays 

[59].  

 

As centuries went on, many different type of Arch Bridges been designed and built [60]. 

Cut stone were the most popular material been used to build the bridge, but in the modern 

design, we often use reinforce concrete or just concrete [60]. 

 

     

Figure 3.25 “Mycenaean Arkadiko Bridge” [61]  
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3.4.3.2 Appearance of Arch Bridges 

The Arch Bridges have very delicate structure type. It relies on a curved, semi-circular 

arch to support the loads on top [62]. The bridge generally contains three parts, the arch, 

piles and portal frame, where the arch is in between two piles that are connected into the 

portal frame. Arch Bridges do not need intermediate support like other bridge types, such 

as simply beam bridge [62]. 

 

         Figure 3.26 “Arch Bridge Cross-Section” [63]  

 

3.4.3.3 Characteristics of Arch Bridges 

The Arch Bridges strength are coming from the geometric of the arch [62]. When there 

are live loads on top of the bridges, the arch gets press downward with the ground support 

pushing up, and due to its geometric the forces will not go straight down [59] [62]. The 

forces will convey along the curve and two portal frames, also called abutments will keep 

the pile in place in order to keep the entire arch remain in compression and become more 

rigid while maintaining its strength as the diagram below shown [62]. Also, the tensile 
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force in the arch will be negligible, since the geometric of the curve dissipate energy 

outward cause the entire arch in compression [59] [62] 

 

Advantage of Arch Bridges: 

● The Arch Bridge get strong over time [64]. Due to its characteristic, the entire arch 

will be in compression, which make the material more condensed and more 

strength [64].  

● The Arch Bridge dissipate forces evenly, which provide high resistances [26] 

● The Arch Bridge can be built by many material types, which during the design 

phase can be more flexible [64]. 

 

Disadvantage of Arch Bridges: 

● The Arch Bridge takes time to build due to its unique way of building it [64]. 

● The Arch Bridge needs higher amount of maintenance than other types due to its 

characteristic which are completely relying on the strength of the material the 

bridge is made of [64]. 

●  The Arch Bridge has shorter span compare other bridge types [64]. 

● The Arch Bridge has much higher construction cost due to its material used and 

the time spend as well as the building technique during the construction [54]. 

Around 4000~5000 USD per square meter [65]. 
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   Figure 3.27 “Arch Bridge cross-section” [56] 

 

3.4.3.4 Types of material and different shapes used in Arch Bridges 

During the history of building Arch Bridges, Ancient Romans start with using rock, stone 

to build the bridge [64]. The bridge can be very beautiful, durable and have larger span 

which up to 150 meters [64]. In the modern design of an Arch Bridge, concrete become 

the most commonly used material in building Arch Bridges, due to its characteristic of 

very strong in compression, perfectly fit the principle of how the Arch Bridges operates 

[64]. Other materials also been used such as masonry, brick, and wood [64]. 

 

Despite different materials used, people start to make more design to meet criteria that 

have never been met before such as through arch bridge etc.  

 

 

      Figure 3.28 “Types of Arch Bridge” [66]  

 

3.4.3.5 Application of Arch Bridges 

Typically, Arch Bridges can be used to span deep canyons [65].  
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 Figure 3.29 “Arch Bridge” [27] 

 

3.4.4 Cantilever Bridge 

3.4.4.1 Definition 

A cantilever bridge is a bridge whose main elements are cantilevers, which means the 

structures are anchored at only one end while the other end is projected horizontally into 

space [68].  

 

Figure 3.30 Cantilever Bridge [72] 
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3.4.4.2 History of Cantilever Bridge 

The first cantilever bridge was constructed in 19th century when a need for longer bridge 

presented itself. To solve the problem of length, engineers found that many supports 

would distribute the loads among them and help to achieve length. Predecessors of 

cantilever bridges were bridges with hinge points which were placed mid-span. The one 

to be the first to invent and patent a cantilever bridge was Heinrich Gerber in 1866. The 

first cantilever bridge was the Hassfurt Bridge over the Main River in Germany. It only 

had 38 meters in length but it was considered the first modern cantilever bridge. After that, 

cantilever bridges had been well developed. The cantilever bridge with the longest span 

is Quebec Bridge which was built in 1919 with its span of 549 m. 

 

 

Figure 3.30a. Hassfurt Bridge [70] 

 



 
 

 
 

3-37 

 

 

Figure 3.31 Quebec Bridge [69] 

 

3.4.4.3 Appearance of Cantilever Bridge 

A simple cantilever bridge has two cantilever arms extending from opposite sides of an 

obstacle that must be spanned and they meet at the center.  
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Figure 3.32 Cantilever Bridge [71] 

 

As Figure 3.2.4.4 shows, usually there is a suspended span at the middle part of a 

cantilever bridge. The one end of the structure is fixed while the other is open to space. 

 

3.4.4.4 Characteristics of Cantilever Bridge 

 

Figure 3.33 Cantilever Bridge [73] 

 

Cantilevers must be firmly anchored on one side in order to hold up the necessary weight 

on the free standing side and avoid shear stress. Cantilevers must resist tension in the 

upper supports and compression in the lower.  

This unique structure will make cantilever bridges have the following advantages and 

disadvantages [74]: 
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Advantages: 

● Only required to support one side of each cantilever 

● Simple columns can be used as support structure 

● No falsework required except for the piers. 

● The deck can be easily constructed in segments, and construction can 

simultaneously begin from all columns, which improves the construction efficiency. 

● Cantilever bridges have greater rigidity, which makes them suitable for heavy 

locomotives. 

● Can tolerate the effects of thermal expansion and ground movement better than 

other bridges 

 

Disadvantages: 

● Massive structures require complex construction and maintenance 

● Very expensive as this requires a heavy structure to balance the tensile and 

compressive forces. 

● Need stronger support columns 

● Not good for extreme weather conditions because of the lack of multiple supports 

● Simultaneous construction may have some errors. 

 

3.4.4.5 Typical Material Used in Cantilever Bridge 

Cantilever bridges can be made of many different materials such as iron, structural steel, 

reinforced and prestressed concrete. These materials make the trusses, box girders, 

vertical columns and cantilevers themselves [75].  
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Figure 3.34 Steel Cantilever Bridge [76] 

 

 

Figure 3.35 Prestressed Concrete Box Girder Cantilever Bridge [77]. 

 

3.4.4.6 Applications of Cantilever Bridge 

Cantilever bridges usually have large spans, which make them good for the bridges over 

rivers. Cantilever bridges are ideal for areas like deep, rocky gorges, and rivers prone to 
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flooding, where falsework may be hazardous or difficult to build. Also, cantilever bridges 

are suitable for heavy vehicles. [74]  

 

3.4.4.7 Famous Examples 

Quebec Bridge 

 

Figure 3.36 Quebec Bridge [78] 
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Figure 3.37 San Francisco Bay Bridge [79] 

3.4.5 Suspension Bridge 

3.4.5.1 Definition 

A suspension bridge is a type of bridge in which the deck (the load-bearing portion) is 

hung below suspension cables on vertical suspenders. Suspension cables are anchored 

at each end of the bridge and they carry the majority of the load. 

 

Figure 3.38 Suspension Bridge 
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3.4.5.2 History of Suspension Bridge 

The first modern examples were built in the early 19th century, which evolved from the 

“simple suspension bridges”. Simple suspension bridges are one of the oldest types made 

by man. They have load-bearing cables but do not have towers. By eighth century, 

Chinese bridge builders were constructing suspension bridges by laying planks between 

pairs of iron chains, essentially providing a flexible deck resting on cables.  

 

The first early modern suspension bridge was built in 1810, during the industrial revolution, 

called Jacob Creek Bridge in Pennsylvania, the United States. This bridge’s features of 

invention included: 

● Installed anchorages and towers. 

● Separation of the main cables from the deck 

● Wrought iron chains 

● Level deck 

 

Figure 3.39 Jacob Creek Bridge [80]. 

 

In 1940, the collapse of Tacoma Narrows Bridge caused engineers’ attention to study 

aerodynamics on suspension bridges. This made a great progress on the development 

of modern suspension bridges [80]. 
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3.4.5.3 Appearance of Suspension Bridge 

Usually, modern suspension bridges include the following components: Towers, 

anchorages, cables and suspenders. 

 

Figure 3.40 Components of a Suspension Bridge [81] 

 

3.4.5.4 Characteristics of Suspension Bridge 

As the name implies, the towers support the majority of the weight by the transferred 

compression forces via the cables and suspenders, then the towers dissipate the 

compression directly into the earth. Suspension bridges can easily cross distances 

between 2000 and 7000 feet, enabling them to span distances beyond the scope of other 

bridge types [81]. 

 

 

Advantages: 

● Longer main spans 

● Less material may be required, which reduced construction cost. 

● Less disturbance on the waterway 

● May be better able to withstand earthquake movements 

● Deck sections can be replaced for further development. 

 

Disadvantages: 
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● Considerable stiffness or aerodynamic profiling may be required to prevent the 

bridge deck vibrating under high wind 

● Suspension bridges require solid foundation, which may increase cost in soft soil 

areas 

● Cannot support heavy traffic [82]. 

  

3.4.5.5 Typical Material Used in Suspension Bridge 

Anchors: Anchors are what suspend the cables up towards the tower, and undergo 

tension from cables. Usually anchors are made of concrete. 

 

Cables: Cables undergo a lot of tension and compression forces so they need to be 

extremely strong. The material used is steel, which is an alloy of iron, manganese and 

tungsten.  

 

Towers: Towers help keep the cables suspended, and convert the heaviness from the 

cables into pressure that forces the towers into the ground. They can be made of iron/steel 

or stone/concrete [83]. 

 

3.4.5.6 Applications of Suspension Bridge 

Suspension bridges are usually used in the areas where longer span is needed such as 

deep gorge or over rivers. 
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Figure 3.41 Aizhai Suspension Bridge, Hunan, China [84].  

3.4.5.7 Typical Examples  

Brooklyn Bridge 

 

Figure 3.42 Brooklyn Bridge, New York City, NY [85] 

 



 
 

 
 

3-47 

 

 

Figure 3.43 Golden Gate Bridge, San Francisco, CA [86] 

 

 

3.4.6 Cable Stayed Bridge 

3.4.6.1 Definition 

A cable-stayed bridge has one or more towers, from which cables support the bridge deck. 

To distinguish from suspension bridge, every cable on cable-stayed bridge is directly 

connected to the towers. 
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Figure 3.44 Cable-stayed Bridge [87] 

3.4.6.2 History of Cable Stayed Bridge 

First built cable-stayed bridges appeared in the 19th century and many early suspension 

bridges were cable-stayed such as footbridge Dryburgh Abbey Bridge, James Dredge’s 

Victoria Bridge, in Bath, England (Built in 1836) and Brooklyn Bridge (1883). Other early 

cable stayed bridges in the United States were Barton Creek Bridge between Huckabay, 

Texas and Gordon, Texas (built in 1889) 

In 20th century, concrete-decked cable-stayed bridge over the Donzere-Mondaragon 

canal at Pierrelatte was one of the first modern cable-stayed bridges.  

 

3.4.6.3 Appearance of Cable Stayed Bridge 

A Cable-stayed Bridge usually has the following components: cables, towers, foundation 

and decks. All the cables are connected directly to the tower.  
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Figure 3.45 Component of Cable-stayed Bridge [89] 

 

Based on different cable alignments, cable-stayed bridges can be classified into the 

following types: Mono Cable-stayed, Harp Cable-stayed, Fan Cable-stayed and Star 

Cable-stayed. 

 

Figure 3.46 Different Types of Cable-stayed Bridges [90] 
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3.4.6.4 Characteristics of Cable Stayed Bridge 

Similar to Suspension Bridge, A Cable-Stayed Bridge also transfers the load from the 

deck to the tower via the cables, then transfer to the earth. 

 

 

Figure 3.47 Cable-stayed Bridge [88] 

 

Advantages: 

● No need for anchorages to sustain strong horizontal forces because the spans are 

self-anchoring. 

● Cheaper than suspension bridges 

● Asymmetrical  

● Less time to build because less cables are needed and anchorages are not 

required. 

 

Disadvantages: 

● Being influenced by wind, not too stable 

● Not ideal for distances that are too far. 

● Difficult Inspection and Maintenance [91] 

 

3.4.6.5 Typical Material Used in Cable Stayed Bridge 

Typically, for modern cable stayed bridges, concrete and steel are widely used. 
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For cables, they are made of steel because they need to sustain large tension forces and 

steel has ductility which makes it easier to construct the bridge. For towers and road 

decks, reinforced concrete or prestressed concrete is often used to strengthen the bridge. 

3.4.6.6 Applications of Cable Stayed Bridge 

Cable-stayed bridges are used when the span requirement is longer than cantilever 

bridges but shorter than suspension bridges. 

  

3.4.6.7 Typical Examples  

Russky Bridge (Span 1104 m, completed in 2012) 

 

Figure 3.48 Russky Bridge, Russia [92] 
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Figure 3.49 Sutong Birdge, China [93] 

 

3.5 Construction Technology 

The construction of concrete bridges can be divided into two main categories: Cast in Situ 

and Precast. Cast in Situ concrete is poured and cast on site while Precast concrete are 

prefabricated in a factory off site. This section provides an overview of Cast in Situ and 

Precast concrete, and discusses various installation technologies available for the 

concrete bridge construction.  
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3.5.1 Concrete Cast - Cast in Situ and Precast 

Cast in Situ concrete refers to concrete constructed on site with raw materials. As shown 

in Figure 3.50, formwork is constructed and installed on site, and then removed after 

concrete is poured and hardened. Cast in Situ technology allows for construction with 

complex geometry, large member size and less connection joints. In addition, the material 

cost is generally lower, and the work is versatile and adaptable to enable construction in 

almost any area. However, construction on size means more labour-intensive, lower 

quality control, and requires longer completion time [30]. Because of these reasons, Cast 

in Situ generally encounters more challenges during winter time construction, makes it 

less attractive for bridge constructions in Canada.  

 

 

Figure 3.50 Cast-in-situ concrete construction [31] 

 

Comparing to Cast in Situ, Precast concrete is produced by casting concrete in a reusable 

model, cured in a controlled environment (i.e. concrete factory), transported to the 

construction site and then installed into place. The prefabricated concrete segments 

enable easier and shorter on site construction. Also, precast concrete usually has intrinsic 

quality independent of weather condition, because of its manufacture under controlled 
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environment and with accurate methods. [32] Although precast concrete provides higher 

quality and easier construction especially for winter time, it has limited sizes due to the 

size of the factory, and requires more time to cast and transport to sites. Moreover, 

precasting may not be available in some areas.   

 

 

Figure 3.51 Precast concrete construction factory [33] 

 

3.5.2 Concrete Installation 

Whether for cast-in-situ application or precast construction, bridge construction 

techniques are required to build the structures into a complete bridge. There are three 

main technologies used for cast-in-situ application, precast construction, and both. These 

technologies are balanced cantilever, incremental launching, and span-by-span method.  

 

The balanced cantilever method is widely-used and cost-effective for the construction of 

long span concrete bridge. This method is applicable for both cast-in-situ and precast 
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concrete construction where the use of conventional formwork is uneconomical. The 

balanced cantilever method is economical when the range of span is 70m to 250m for 

cast-in-situ and 45m to 135m for precast construction [34]. Construction of cantilevering 

segments starts at each bridge pier and move outwards from bridge pier on alternate 

sides. Each segment can either be cast-in-situ through stages, or be precast and 

assembled. Successive bridge segments act as cantilever and then form a continuous 

span using cast-in-situ closure pours at joints [35]. Considerable savings on time and 

budget can be achieved when using this method appropriately.  

 

 

Figure 3.52 Balanced cantilever construction [35] 

 

Incremental launching method is one of the highly mechanized construction method that 

is applicable for both cast-in-situ and precast construction. This method is particularly 

suitable for construction of continuous post-tensioned multi-span bridges. The 
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economically range of span for this application is approximately from 30m to 60m. During 

construction, each segment is concreted directly against the preceding one and the bridge 

structure is elongated by the length of a segment. This process is repeated until it reaches 

the full length of the bridge. Incremental launching of bridges saves budgets, minimizes 

construction space and disruption, and delivers a high quality project. [34] 

 

 

Figure 3.53 Incremental launching method [36] 
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Figure 3.54 Diagram of incremental launching process [37] 

 

Span-by-span method is considered to be the most economic and rapid method of 

construction of long bridges and applicable for individual span length up to 60m. It is 

typically used for precast concrete bridge construction with spans ranging from 25m to 

45m. Erection truss or overhead erection gantry is employed to guide the precast 

elements and installed them into position. Segments for the entire span are erected onto 

a temporary erection girders between adjacent permanent piers, then longitudinal post-

tensioning tendons are installed and stressed to hold the segments. Finally, the erection 

girder is advanced to erect the adjacent span. Span-by-span method involves continuous 

supply of segments and repetitive work, hence results in manpower efficiency and fast 

construction. [34] 
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Figure 3.55 Span-by-span method [38] 

 

 

3.6 Conclusion 

In order to provide appropriate design service as a bridge designer, it is essential to 

develop a comprehensive understanding and knowledge on typical bridge types, common 

bridge construction materials and cross sections and available construction technologies. 

These knowledges combined with the well-established engineering toolbox is valuable 

especially in the early conceptual design stage to determine the most appropriate bridge 

design proposal for each site. Having a well-established knowledge on the above 

mentioned area can greatly reduce the time of conceptual design phase, improve the 

feasibility of the conceptual design, potentially lower the project cost, as well as optimize 

the final output of the project. 
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4.1 Introduction 

In this chapter, the emphasis will be on the design criteria. The engineers must follow the 

respected codes or standards within the area while designing the bridge, in order to make 

it durable and safe. Beyond that, complete knowledge of the materials that may be used 

in the design is crucial, such as its characteristic and behaviour under stresses. 

Furthermore, understand any potential loads acting on the bridge is essential for picking 

the material and geometric of the design, also the behavior of the bridge under those 

loads. The second half of the chapter starts with comparing two sets of codes, in between 

the Canadian Highway Bridge Design Code CSA S6-14 and AASHTO LRFD 2014 as well 

as the CSA S6-14 and the 1966 Highway Bridge Design Code S6-66. It contains the 

changes and differences between each set of codes in different time and place. Finally, 

the step by step design process will also be present in this chapter.  

 

4.1.1 Bridge Behaviour 

In this section, it will emphasis on the bridge behaviour such as the influence line, shear 

and bending behaviour, torsion and deformation. This section will provide such 

information for engineers to have basic understandings of forces distribution on any given 

bridge. This section will provide examples on the bridge type of simply supported beam.  

 

4.1.1.1 Shear and Bending Behaviour 

Shear and bending behaviour of the bridge occur when there is load acting on the bridge. 

While applying uniform distributed load on the simply supported beam structure, the 

maximum shear force would occur at the two support ends while the maximum moment 

would occur in the mid-point of the beam bridge as the diagram below shown in Figure 

4.1. 
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Figure 4.1 “Shear force and bending moment diagram for simply supported beam 

applied with uniformly distributed loads” [1] 

 

4.1.1.2 Influence Line 

It is very crucial to have influence line while huge moving live load being applied on the 

structure like the bridge [2]. Influence line could be use as the best description on vibration 

in shear and bending after the live load being applied to the structure [2]. 

Influence lines represent every detail mechanical information at a specific point rather 

than all points along the interested structure as the shear force diagram and bending 

moment diagram represents as the diagram below shown in Figure 4.2 [2].  
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Figure 4.2 “Influence Line Diagram for shear force at a given section of a simply 

supported girder” [2] 

 

4.1.1.3 Torsion 

Torsion is another key behaviour that bridge designer must look out since the very famous 

Tacoma Narrows Bridge collapsed due to torsional forces caused by the wind loads [J4] 

[Figure 4.3]. However, since in this section the emphasis will be on the simply supported 

beam bridge type, which usually has shorter span compare to other bridge types, then 

torsional forces could be ignored due to strong deck [4].  
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Figure 4.3 “Motion of the bridge under wind forces” [5] 

 

4.1.1.4 Deformation 

Deformation of the bridge are caused by the loads or stresses that has been discuss in 

the previous subsections, such as the shear forces and bending moment that can cause 

vertical displacement while torsional stress also cause deformation in variety of axis, 

which failure occur when the deformation cannot be resist by the material used. 

 

4.1.2 Bridge Loading  

In this section, bridge loading will be emphasis on. Generally, there are three types of 

load been considered in the bridge design, which is the dead loads, live loads and 

dynamic loads []. The following will explain all these three categories in details.  

 

4.1.2.1 Dead Load 

Dead load (permanent load) often relate to the self-weight of the bridge, it consists of 

gravitational loads created by the weight of permanent structural of the bridge and 
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additionally other non-structural part of the bridge such as a bituminous surface as well 

as other utility that could be part of the bridge in the future. It is very important that the 

bridge can resist its own weight. Also, overturning and sliding effect should be considered 

as well as the earth load and secondary prestress loads when designing a bridge. 

 

4.1.2.2 Live Load 

Live loads often relate to weight of the traffic apply to the given bridge, also setting up 

limitation of legal loads on specific section of the highway bridge. The live load consists 

of different type of vehicular live loads such as vehicular dynamic load which is the 

bouncing force while the car is moving across the bridge as well as the braking forces 

and friction forces. Pedestrian live load should also be considered in the bridge design as 

a uniform load. Besides load caused by moving object, temporary loads should also be 

considered as live load such as wind load, ice load and loads created through 

maintenance. Temperature could also be a factor of creative live loads, such as changing 

weather or heat created. 

 

4.1.2.3 Dynamic Load 

Dynamic loads are the loads that has lower percentage of happening in a daily basis and 

it has a higher impact than live load, such as earthquake loads, strong wind loads. 

However, forces created by collision are also considered as a dynamic load despite it 

happens regularly.  

 

4.2 CSA S6-14 Design Specification [6] 

The following sections will introduce and summarize the design requirements, material 

technology and design methodology included in Canadian Highway and Bridge Design 

Code CSA S6-14. 
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4.2.1 Terminology 

In this part, “shall” is used to express a requirement, i.e., a provision that the user is 

obliged to satisfy in order to comply with the Code; “should” is used to express a 

recommendation or that which is advised but not required; and “may” is used to express 

an option or that which is permissible within the limits of the Code. 

 

4.2.2 General 

The S6-14 standard applies to the design, evaluation, and structural rehabilitation design 

of fixed and movable highway bridges in Canada, which eliminates the limit on span 

length. However, the code does not apply to every type of long span bridge in Canada. 

 

4.2.2.1 Economics 

CSA S6-14 specified that after safety, the total projected lifetime cost shall be the 

determining consideration in selecting the type of structure, configuration of spans and 

supports, and construction materials. The cost shall include allowances for inspection, 

maintenance, repair and rehabilitation throughout the design life of the structure. 

 

4.2.2.2 Environments 

CSA S6-14 specified that all the work shall be designed to comply with environmental 

requirements established for the site. Whenever possible, features of archaeological, 

historical and cultural importance shall be preserved. Moreover, the design shall include 

an assessment of possible environmental effects and measures for limiting adverse 

effects to a practical minimum. 

 

4.2.2.3 Aesthetics 

CSA S6-14 mainly specified that in the design and rehabilitation of structures, 

consideration shall be given to the appearance of the finished structure and to its 



 
 

 
 

4-10 

 

compatibility with its surroundings. Whenever possible, the appearance of a structure 

shall be simple and graceful in form such that it will be generally perceived as an 

enhancement to its surroundings.  

 

4.2.3 Design Philosophy 

Uncertainty exists in every aspect of the design process. Design philosophy is used to 

compensate these uncertainties and produce structures that are safe under various 

conditions.  

The CSA S6-14 code mitigates the design uncertainties by using factor of safety, where 

a single variable is used to handle uncertainty in both load and capacity. 

 

4.2.4 Material 

When designing a bridge or a bridge component, various materials would be involved. 

After considering the design requirements and the external limitations, structural 

engineers must select these materials according to their strengths and weaknesses. 

Therefore, it is worth reviewing the design criteria of materials that are commonly used in 

bridge constructions. In this section, similarities and differences of three bridge design 

code would be identified regarding to the material properties. 

 

4.2.4.1 Concrete 

Concrete is one of the most common materials found in a bridge design. Its popularity 

came from the fact that it could provide a moderate performance under reasonable costs. 

It is also highly combinable with other materials, such as reinforcing steel, to gain 

additional strength easily. When designing concrete structural components, codes from 

various countries through ages would provide different requirements to ensure the design 

viability. 
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4.2.4.1.1 Strength of Concrete 

When people talk about concrete strength, they usually refer to the peak stress obtained 

from a cylinder test as shown in Figure 4.4, where a cylinder of concrete that has height 

of 300 mm and diameter of 150 mm is loaded until it reaches its maximum stress [7]. The 

peak stress reached is noted as 𝑓𝑐
′. 

 

Figure 4.4 Typical Concrete Cylinder Test [8] 

 

Unless otherwise approved, the modern Canadian Highway Bridge Design Code (S6-14) 

does not allow to use any concrete that has a strength under 30 MPa or over 85 MPa in 

a reinforced concrete component design. As for prestressed concrete component, the 

lower limit becomes 35 MPa [6]. When it comes to the modulus of elasticity, Canadian 

and American codes have different predictions of as 𝐸𝑐
  given as 𝑓𝑐

′. According to S6-14 

[6]: 
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𝐸𝑐
 = (3300√𝑓𝑐

′ + 6900)(
𝛾𝑐

2300
)1.5 

 

4.2.4.1.2 Thermal Expansion of Concrete 

Similar to most materials, concrete expands and contracts under an increase and 

decrease in temperature respectively. The thermal strain is calculated by the following 

equation [6]: 

𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙
 = 𝛼𝐿∆𝑇 

 

𝛼𝐿 represents the thermal expansion coefficient that depends on various aspects such as 

aggregate types [7]. 

  

In addition, it is stated in S6-14 that the thermal expansion coefficient of concrete could 

be taken as 10 × 10–6/ °C when the accurate data is absent [6]. 

 

4.2.4.1.3 Shrinkage of Concrete 

Concrete tends to lose its moisture unless it is kept at 100% relative humidity, thus it will 

decrease in volume as the time went on [7]. This is process is known as shrinkage. The 

shrinkage of concrete could let cracks generated in the concrete, which directly lower the 

overall capacity of concrete. Thus, engineers should take this effect into consideration 

when designing. Figure 4.5 provides a general view of the concrete shrinkage process. 

According to the equation provided in S6-14, the shrinkage strain is a function of relative 

humidity, volume to surface ratios, effective concrete strength, time development factor 

and the age of the concrete [6]. 
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Figure 4.5  Shrinkage Mechanism [9] 

 

4.2.4.1.4 Creep of Concrete 

Aside from shrinkage, creep is another phenomenon that could affect the stress strain 

relationships of the concrete. Creep refers to the fact that the strain would increase after 

a constant stress is held for some length of time as shown in Figure 4.6 [7]. 
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Figure 4.6 Development of Creep Strain [10] 

 

Similar to the shrinkage strain, S6-14 suggests that creep strain is a function of relative 

humidity, concrete strength, volume to surface ratio, maturity of the concrete and the age 

of the concrete when loading [6]. 

 

4.2.4.2 Steel reinforcement 

To provide additional tensile strength and the ductility of concrete material, steel 

reinforcement bars are sometimes embedded to form a composite material known as 

reinforced concrete. When designing for these reinforcing bars, a number of requirements 

are enforced in design codes that engineers must follow. 
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4.2.4.2.1 Strength of Steel Reinforcement 

Unlike concrete, steel has a uniaxial stress strain properties. As shown in shown in Figure 

4.7, there is a linear relationship between stress and strain up to the yield point, and then 

reaches plateaus. The modulus of elasticity of that linear region is defined to be 200,000 

MPa in S6-14 [6]. The yield stress is defined as the stress which causes the steel bars to 

deform plastically [11]. For the convenience of measurement, it is also 0.2% offset method 

[11]. Conventional steel reinforcing bars usually obtain a yield strength of 400 MPa. S6-

14 limits the use of steel rebars from 300 MPa to 500 MPa in terms of the yield strength 

[6].  

 

 

Figure 4.7 Typical Stress Strain Curve of Steel Reinforcement [12] 
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4.2.4.2.2 Size of Steel Reinforcement 

Based on design requirements, there are a number of standard rebars that engineers can 

choose from in their designs. Figure 4.8 provides an overview of the standard available 

rebars in Canada, and engineers must use the nominal diameter to do the actual design 

of a structural component. 

 

Figure 4.8 Canadian Rebar Size Chart [13] 

 

4.2.4.3 Prestressing Reinforcement 

As a step forward from the reinforced concrete, prestressed concrete sections are able 

to provide better crack controls and deflection controls with a smaller dimension. These 

superior properties come from the fact that the steel reinforcement inside the concrete 

are tensioned against the concrete. The system would then reach a new self-equilibrating 

state that keeps the steel reinforcement in tension and the concrete in compression in the 

absence of external loads [7]. Thus, strengths of both concrete and steel could be 

amplified. The steel reinforcements that are tensioned and used in prestressed concrete 

are often referred as tendons. 
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4.2.4.3.1 Pre-tensioned vs Post-Tensioned Systems 

Generally, there are two ways to prestress the concrete sections, and they are 

pretensioning and post-tensioning. In a pretensioned system, the steel tendons would be 

tensioned against a pretensioning bed in the first place, and then concrete would be 

placed over the steel tendons inside the formwork [7]. Tendons  

would be released when concrete has developed its strength, and the entire member 

becomes prestressed. 

 

On the other hand, there is the post-tensioning system that applies the tension force to 

the steel strand after the concrete is placed. For the post-tensioning system, tendons are 

placed inside the sheath that connect two anchor head on both ends to avoid the direct 

contact with concrete so that no bond has formed between tendons and the concrete. 

Once the concrete has developed its strength, the jaws on both ends will pull steel 

tendons against the anchor head. Since the anchor head is in direct contact with the end 

of the concrete member, the tension in steel tendons would be transferred to the concrete 

member as a compressive force, which let the entire member becomes prestressed [7]. 

 

4.2.4.3.2 Commonly Used Tendons 

Prestressing tendons usually consist of wires, strands or even high-strength bars [7]. 

Figure 4.9 provides a view of the seven-wired strand, which is considered to be the most 

common tendons used in the industry [7]. Some of the most common standard 

prestressing tendons are listed in Figure 4.10, so that engineers could refer to when 

designing prestressed components. S6-14 specifically requires that only tendons with 

designation size of 9, 13 and 15 could be used in pretensioned constructions. Moreover, 

coated strands are not allowed to use in general cases [6]. 
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Figure 4.9 Geometry of Seven-Wire Strand [14] 

 

Figure 4.10 Standard Prestressing Tendons [7] 

 

4.2.4.3.3 Strength of Tendons 

Unlike normal steel reinforcement used in reinforced concrete, tendons used in 

prestressed concrete usually have a much higher ultimate tensile strength around 1720 

to 1860 MPa [7]. The stress strain response of prestressing strands could be assumed 
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as bilinear [7]. However, depending on the production process, there are stress-relieved 

strand and low-relaxation strand that have slightly different stress strain response as 

shown in Figure 4.11. Thus, equation used to represent their stress-strain relationships 

are slightly different as well. As for the modulus of elasticity, S6-14 suggests that 200 000 

MPa would be used for Size 9, 13 and 15 seven-wire strand, and 195 000 MPa for size 

16 unless more accurate data are acquired from physical tests [6]. 

 

Figure 4.11 Stress Strain Response of Different Seven-Wire Strand [7] 

 

4.2.5 Limit States Design 

As specified by CSA S6-14, design shall be based on the consideration of limit states in 

which, at the ultimate limit state, the factored resistance is used to exceed the total 

factored load effect. Structural components shall be designed to comply with the ultimate 

limit state, serviceability limit state, and fatigue limit state requirements of the applicable 

clauses of this Code. 
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4.2.5.1 Serviceability Limit State 

CSA S6-14: The Serviceability Limit State in CSA S6 considers the effects of vibration, 

permanent deformation, and cracking on the usability or condition of a structure. 

 

4.2.5.2 Ultimate Limit State 

CSA S6-14: The ultimate limit state mainly includes the restrictions on failure such as 

rupture, fracture, overturning, sliding and other instability.  

 

4.2.5.3 Fatigue and Fracture Limit State 

CSA S6-14: Structural components shall satisfy the requirements for the fatigue limit state 

specified in the applicable Sections of this Code for the appropriate loading combinations. 

CSA includes the fracture limit in the Ultimate Limit State section. 

 

4.2.5.4 Extreme Event Limit State 

CSA S6-14: Equivalent to Exceptional Load in CSA S6-14. 
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4.2.6 Load Factors 

 

Figure 4.12 Load Factors and Load Combinations 

 

4.2.7 Dead Loads 

CSA S6-14 states that dead loads shall include the weight of all components of the 

structure and appendages fixed to the structure, including wearing surface, earth cover, 
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and utilities. In the absence of more precise information, the unit material weights 

specified in Figure 4.13 shall be used in calculating dead loads. 

 

 

Figure 4.13 Unit Material Weight 
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CSA S6-14 specified that the weight of water shall be considered dead load. Other static 

effects, including lateral or upward water pressure and buoyancy, shall be considered 

hydrostatic pressures. 

 

4.2.8 Live Loads 

In this section, it provides live loads detail according to CSA S6-14. 

 

4.2.8.1 Traffic Load 

CSA S6-14 has significant improvements on the design truck cases. The standard design 

truck in the 2014 code has five axles and a gross weight of W=625 KN.  
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Figure 4.14 Truck Load 

4.2.8.2 Braking force 

Braking force shall be considered only at the ULS and applied at the deck surface. 

Braking force shall be an equivalent static force of 180 kN plus 10% of the uniformly 

distributed load portion of the lane load from one design lane, irrespective of the number 

of design lanes, but not greater than 700 kN in total. 
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4.2.9 Wind Loads 

CSA S6-14:  

For wind load design, the governing equation is  𝐹 = 𝑞𝐶𝑒𝐶𝑔𝐶ℎ 

Depending on different situations, the coefficients change.  

 

4.2.10 Earthquake 

CSA S6-14: Design for different cases. The requirements for calculating effects due to 

earthquake forces are specified in Section 4, CSA S6-14. Relevant seismic data shall be 

obtained from Geological Survey of Canada on Natural Resources Canada website. Load 

combinations and load factors are specified in Table 3.1, CSA S6-14. 

 

4.2.11 Reinforced Concrete Design 

Section 8 of the CSA S6-14 specifies requirements for the design of structural 

components that are made of concrete and reinforced with non-prestressed or 

prestressed steel. The provision outlines the requirements of material and provided the 

resistance factors for different materials, which are compared with CSA S6-66 in detail in 

Section 8. Limit states design is the main principle for the design of concrete structures. 

  

Instead of specifying design procedure for different types of bridge elements, the S6-14 

provision specifies design for different types of loadings, in terms of flexural loads, axial 

loads, shear and torsion.  

 

4.2.11.1 Sectional Design Model 

Based on extensive research on understanding the shear capacity of concrete structure, 

sectional design model was developed and adopted by CSA to analysis the capacity 

structural member by sections. The sectional design model assumes linear strain 

distribution (plane section remains plane), the factored shear resistance for each section 

along the member can be expressed in the following equation: 
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𝑉𝑟 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑝 

 

This equation takes into account the shear resistance for both the concrete and 

reinforcement (prestressed and non-prestressed). Detailed calculations for each 

component of shear resistance are formulated in CSA S6-14. 

  

4.2.11.2. Strut-and-Tie model 

The sectional design model is proven to be a effective method for designing concrete 

structure not disturbed by supports or concentrated loads. To further refine the design 

model, CSA S6-14 implements the strut-and-tie model to determine the internal force 

effects near the supports and the points of application of concentrated loads. These 

regions usually have non-linear strain distributions thus cannot be analyzed by 

conventional methods. Strut-and-tie model simplifies the complex stress-strain patterns 

in the disruption zone as triangulated models. It is based on truss analogy and has a wide 

application on many concrete structure elements. According to Clause 8.10.2 from CSA 

S6-14, for unconventional concrete structure members (i.e. pile caps, corbels, deep 

beams (where depth > span/3), beams with holes, connections, etc.), the strength shall 

be investigated by idealizing them as a series of reinforcing steel tensile ties and concrete 

compressive struts interconnected at nodes to form a truss capable of carrying all the 

factored loads to the supports [15]. 

  

Strut-and-Tie model is a lower bound plastic theory that provides safe design if the model 

meets the following conditions: 1. Equilibrium is satisfied; 2. The structure has adequate 

ductility for the assumed struts and ties to develop and; 3. Struts-and-ties are 

proportioned to resist the design forces [15]. 
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Figure 4.15 Strut-and-tie model 
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4.2.12 Prestressed Concrete Design 

CSA S6-14 specifies the prestressing requirements and integrated the prestressed 

concrete structure design into each section with different load types. 

CSA S6-14 provides shear and moment resistance calculations which takes into account 

many modification parameters based on the cross section of the beams and yields a 

design shear and moment resistance, which designer based on for choosing cross 

sections. 

 

4.2.13 Durability Design 

Aside from structural designs, the design shall also ensure that structures will be able to 

maintain its level of serviceability during its designed life. Thus, the following sections will 

discuss about the durability design of CSA S6-14. 

 

4.2.13.1 General Requirements 

Durability design is specified in CSA S6-14. The design shall consider the environmental 

conditions in relation to the possible mechanisms of deterioration in structure based on 

the site investigation including testing of soils, groundwater, local runoff water, 

atmospheric pollution levels, and drainage system if applicable. Therefore, the structural 

form, material and details shall be suitable for the design loads and environmental 

conditions. Detailed design methods are specified in Chapter 9. 

 

4.2.13.2 Concrete Requirement 

Table 8.4 in CSA S6-14 specifies the maximum water to cementing ratio as this ratio is 

closely related to the performance of concrete. 
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4.2.13.3 Concrete Cover Requirement 

In order to prevent corrosion or other chemical effects on the reinforcement, the minimum 

concrete cover should be at least designed. Table 8.5 in CSA S6-14 specifies the 

minimum concrete covers and tolerances. These requirements must be satisfied. 
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4.3 CSA S6-14 versus AASHTO 2014 Design Specifications [16] 

The following sections compare the predominant differences between the Canadian 

Highway and Bridge Design Code CSA S6-14 and CSA S6-66 and AASHTO LRFD 2014.  

 

4.3.1 General 

Both CSA and AASHTO have many similar standards in many perspectives, ranging from 

economics, environment, aesthetics and so on. 

 

4.3.2 Limit States Design 

In AASHTO, design shall satisfy the following equation under limit state. The general 

equation used and definitions are: 

 

Σ𝜂𝜄𝛾𝜄𝑄𝑖 ≤ 𝜑𝑅𝑛 = 𝑅𝑟 

𝜂𝜄 = load modifier: a factor relating to ductility, redundancy, and operational classification 

𝛾𝑖 = load factor: a statistically based multiplier applied to force effects 

𝑄𝑖 = force effect 

𝜑 = resistance factor: a statistically based multiplier applied to nominal resistance 

𝑅𝑛 = nominal resistance 

𝑅𝑟 = factored resistance 

  

Both codes have similar definitions and requirements. Specifically, CSA has 3 limit states 

(serviceability limit state, ultimate limit state, fatigue limit state) while AASHTO has 4 limit 

states (service limit state, fatigue and fracture limit state, strength limit state, extreme 

event limit state). 
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4.3.2.1 Serviceability Limit State 

AASHTO has a similar requirement called “Service Limit State”. The service limit state 

shall be taken as restrictions on stress, deformation, and crack width under regular 

service conditions. 

4.3.2.2 Ultimate Limit State 

AASHTO does not have exactly the same limit states. However, the strength limit in 

AASHTO has similar content. The strength limit state shall be taken to ensure that 

strength and stability, both local and global, are provided to resist the specified statistically 

significant load combinations that a bridge is expected to experience during its entire 

design life. 

 

4.3.2.3 Fatigue and Fracture Limit State 

The fatigue limit state in AASHTO shall be taken as restrictions on stress range as a result 

of a single design truck occurring at the number of expected stress range cycles. The 

fracture limit state shall be taken as a set of material toughness requirements of the 

AASHTO Materials Specifications.  

 

4.3.2.4 Extreme Event Limit State 

In ASSHTO, the extreme event limit state shall be taken to ensure the structural survival 

of a bridge during a major earthquake or flood, or when collided by a vessel, vehicle or 

ice flow, possibly under scoured conditions. 
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4.3.3 Load Factor 

 

Figure 4.17 Load Combinations and Load Factors 

 

In comparison, CSA S6-14 specified 1 fatigue limit state combinations, 2 serviceability 

limit state combinations, 9 ultimate limit state combinations. Meanwhile AASHTO 2014 

specified 2 fatigue limit state combinations, 4 serviceability limit state combinations, 5 

strength limit state combinations as well as 2 extreme event limit state combinations. 
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In addition to load factors, there is a load modifier (Denoted ηi) specified in AASHTO 2014, 

which is not included in CSA S6-14. 

  

In general, the ultimate limit state load combination in CSA is similar to the strength limit 

state load combination in AASHTO. The load factors are almost in the same range. 

  

The differences between the 2 codes mainly exist in other limit states. For example, for 

the fatigue limit state, CSA S6-14 does not consider any special cases. All the load factors 

are 1.0. Nevertheless, AASHTO 2014 has two different cases of fatigue, which apply load 

factors of 1.5 and 0.75 respectively to its live load. 

 

4.3.4 Dead Loads 

The basic definition of dead loads is similar. However, AASHTO does not specify any 

relevant notes on water. 

 

4.3.5.1 Truck Load 

The AASHTO uses the same truck configuration as the CSA S6-66 code. Detailed 

comparison will be discussed in section 4.5.4 when comparing the CSA S6-66 with the 

CSA S6-14. 
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4.3.5.2 Braking force 

In AASHTO, Braking force shall be taken as the greater of: 

●     25% of the axle weights of the design truck or design tandem, or 

●     5% of the design truck plus lane load or 5% of the design tandem plus lane load. 

 

4.3.6 Wind Loads 
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4.3.7 Earthquake 

Earthquake loads in AASHTO shall be taken to be horizontal force effects determined in 

accordance with the basis of the elastic response coefficient, the equivalent weight of the 

superstructure, and adjusted by the modification factor.  

 

4.4 CSA S6-14 versus CSA S6-66 Design Specifications [17] 

This section compares two versions of the Canadian highway bridge design code: CSA 

S6-14 and CSA S6-66 to reflect the improvements of highway bridge design from 1966 

to 2014. The CSA S6-66 is chosen to reflect the failure cause of de la Concorde overpass, 

since one of the main reasons of failure is because of the insufficient shear design 

required by S6-66, as discussed in Chapter 2. It is important to understand the change 

and development of design code with time, and to ensure any structures exceed the most 

up-to-date code regardless the time of construction. This section focus on comparing the 

development of practical design requirements and methodology of reinforced concrete 

and prestressed concrete bridges. 

 

 

4.4.1 General Information 

The S6-66 standard specifies that it is applicable to bridges with spans up to 400 feet 

(120 m). Supplementary specifications are required for design of bridges which have 

spans more than 400 feet. 

 

4.4.2 Design Philosophy 

The CSA S6-66 code is based on the use of nominal capacities and resistance factors. 

Nominal capacities are used to address uncertainties in material properties and 

construction tolerances, while resistance factors are used to mitigate the variable in 

applied loads. 
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4.4.3 Loads and Forces 

The CSA S6-66 code considers the following loads in design that are similar to what 

included in CSA S6-14: 

 Dead load 

 Live load 

 Impact or dynamic effect of the live load 

 Wind loads 

 Other forces if needed (longitudinal forces, centrifugal forces, thermal 

forces, earth pressure, shrinkage, ice and current pressure, earthquake 

stresses and structural stability stresses) 

 

However, the load combination approach taken in CSA S6-66 is completely different from 

the current CSA S6-14 code. The 1966 code uses Allowable Stress Design, which 

presents load combinations in groups and the percentage of unit stress (i.e. load factors) 

are applied to each group of load combinations in terms of stresses, as shown in the 

Figure 4.18 below. 
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Figure 4.18 Load Combinations 

 

4.4.4 Design Truck Load and Lane Load 

CSA S6-66 considered highway loadings (clause 5.1.5) that used H loadings and H-S 

loadings. The H-S loading design consisted of 3 axles, while the H loadings consisted of 

a tractor truck with two-axle truck. The H loadings are no longer used in the new provision. 

Two standard types of design truck cases are shown in Figure 4.19 The standard truck 

used for design loads in CSA S6-66 has a gross weight of W=200 KN. 
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Figure 4.19 Truck Load 
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In general, several improvements have been made between the CSA S6-66 and the CSA 

S6-14. The load and resistance analysis in CSA S6-14 are more conservative than the 

CSA S6-66, despite the conservative natural of the allowable stress method. 

 

4.4.5 Reinforced Concrete Design 

Same as the CSA S6-14 code, Section 8 of the CSA S6-66 specifies the general design 

procedure of reinforced concrete members based on allowable stresses and safe loads. 

The provisions first outline the quality of concrete, reinforcing steels and concrete that 

could be used in the design, as well as allowable stresses for concrete and reinforcement. 

Following the material requirements, general design and assumptions are provided, 

including the plane section theory, values of the concrete modulus of elasticity, bond 

between concrete and steel reinforcement, initial stresses, etc. Design provisions also 

includes the permissible deflection values, thermal and shrinkage coefficients and span 

lengths. 

 

The CSA S6-66 divides reinforced concrete bridge design based on bridge elements. 

These subsections are T-beams, Reinforcement, Box girders, Columns and Concrete 

arches design section.  

 

In terms of the calculation of shear reinforcement, CSA S6-66 uses the following equation 

to calculate the design value of shear force: 
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4.4.6 Prestressed Concrete Design 

In CSA S6-66, Section 9 focus on the design of linearly prestressed flexural members 

such as beams, girders or slabs. The prestressing steels are bonded to the concrete.  

The design of prestressed concrete members are based on both the elastic and ultimate 

theory under the following conditions of loading: 

1. Working Load 

2. Ultimate Load, and 

3. Temporary load 

 

The load factors used are specified to be no less than 1.5 D + 2.5 (L+I) when comparing 

with the allowable flexural stresses in designed members. Members are characterized 
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based on sections, reinforcements in order to define the allowable flexural stresses under 

various tension and compression scenario. 

CSA S6-66 refers “web reinforcement” as what currently called shear reinforcement. The 

design of web reinforcement in CSA S6-66 is very limited comparing to CSA S6-14. In 

CSA S6-66, the required web reinforcement area is defined by the following equation: 

 

 

4.5 Design Steps 

Based on the review of standards and code, the following steps are generally used for 

the design of a reinforced concrete bridge.    
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4.6 Conclusion 

In conclusion, this chapter contains information that the engineers must follow in order to 

build a durable design bridge. The engineers must be due diligence on the entire design 

process through the material used to geometric of each section that can resist any 

possible and reasonable loads acting on the bridge structure. The engineers must 

understand how the bridge behave and study the surrounding thoroughly in order to follow 

the code to make design happens. There are some minor changes and differences in 

different area, newest updated code should always be the one used in the bridge design, 

unless other requirements needed from the clients, the code should be strictly followed.  
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5.1 Introduction 

Prior to the start of any project it is important for engineering design team to communicate 

with clients, potential contractors and local government, to gather sufficient information 

regarding to the client requirements, site conditions as well as the local government 

regulations. Constructability should also be taken into consideration of every phase of the 

project to facilitate the information collection. This chapter focuses on discussing the 

details of information that designers should consider before embarking on a project. 

 

5.2 Client Requirement 

As an engineering design team, the ultimate goal is always to fulfil the needs of clients. 

Therefore, the design team must first communicate with clients to find out what clients 

actually want before they start to design anything. In the discussion with client, specific 

design inputs should be clarified. These design inputs may include but not limited to the 

design scope, budget, schedule and service life. 

 

5.2.1 Scope of the Design 

To start a project, the scope must be defined in the first place so that the design team 

could have a clear understanding regards to the objective of the project or design and the 

amount of work that needs to be accomplished. As for a bridge project, the design team 

must first understand whether it is a partial replacement of a bridge or building a 

completely new bridge, and where it needs to connect. In some cases, the design team 

and clients may realize the objective can be achieved without building a bridge. A clearly 

defined bridge certainly brings convenience to the budget and schedule setting. 

 

5.2.2 Budget 

 

When defining the design scope, the design team should also help clients to set up a 

budget at the same time since it will act as a baseline for future decisions making. For 

example, the structural type of the bridge, the material to use and even the size of the 
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design team is all directly or indirectly depend on the actual budget. In addition, an 

improper budget setting may cause the scope to be reduced. The total budget may 

include but not limited to approval fees, planning costs, financing costs, land or property 

acquisition, site investigation and the construction costs [2]. If clients do not have a clear 

idea about what is the budget, it may be worth to compare similar projects completed 

recently to have a better understanding. 

 

5.2.3 Schedule 

The design team and clients must settle down an expected completion date of the project. 

Thus, deadlines of different phases could be determined after taking the duration of 

planning, approving, construction and even demolishing (if necessary) into consideration. 

The project delivery methods may be determined accordingly. For example, clients may 

prefer design-bid-build as the delivery method, but design-build might be more 

reasonable under a tight schedule. Furthermore, a well-set schedule will optimize the 

productivity and resource consumption. Thus, it will help the project stay under the budget 

as most of the labour costs and equipment costs are time related. 

 

5.2.4 Service Life 

Based on the expected service life of the designed project, the design team must design 

accordingly to meet the specific requirement. For example, the choice of material or the 

need of additional treatments may depend on the targeted service life. In addition, clients 

need to be informed with a specified level and frequency of maintenance to achieve the 

required service life. 

 

5.2.5 Additional Requirements 

Clients may have their own preference in terms of the aesthetics, the use of material and 

even the structural type of the bridge. The design team must take these factors into 

consideration. For instance, clients may request to use timber as the primary material to 

build the bridge if it is located in a natural environment. 
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5.3 Site Condition 

Bridge designer should be due diligence by studying the entire physical surrounding of 

the site thoroughly from above and beneath the ground. In this section, it provides 

information on major physical properties and limitations on and around the site that may 

create constraints towards potential proposed bridge design. Also, this section provides 

impacts toward surrounding environment during the construction phase of the bridge. 

  

5.3.1 Site Location 

In this section, it provides the information that bridge designer gets directly from the 

physical surrounding of the proposed site location. Before any bridge design is being 

drafted, the first information designer gets from the client is the location of the potential 

bridge’s site. From location itself creates variety of restraints and difficulty that designer 

should include in the bridge design. All the required data could be find online or the 

respected office, also the data can be collected by doing individual research in the lab or 

at the field. The following sub-section describe all the restraints, constraints, and limitation 

in detail. 

5.3.1.1 Selection of Bridge Type 

One of the major restrain could be the selection of bridge type, where there are types of 

bridge that could not build in certain area due to its unique characteristic, for example, 

most suspension bridge needs softer ground for foundation and many space to make it 

happens, which is not the better option for building highway road comparing of using 

simply supported type. 

  

5.3.1.2 Topography 

Topography is essential for bridge designer to know the actual physical surrounding for 

the proposed site by giving useful information above ground such as its physical contour 

(mountain, valley), nearby reservoir as well as manmade institution such as shelter, 
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highway, dam [3]. Design engineers must use this information to design the foundation 

and the geometric of the bridge. 

  

5.3.1.3 Soil Conditions  

Condition of soils is very critical in the bridge design since it has great influence on the 

structure of the actual bridge design [4]. Bridge designer must pay highly attention on the 

site’s soil layers and its properties in order to draft a reasonable design for its current 

state. Also, during construction phase, soil property may cause difficulty towards some 

construction technique as well as limiting the material used in the bridge design. Ground 

water level should also be considered and researched thoroughly for preparation of 

constructing foundation of the bridge as well as later maintenances.    

 

5.3.1.4 Seismic conditions  

Seismic condition of the site is somehow optional, however, critical if the area is under 

frequently seismic loads in which the design criteria should have include the extra 

resistance towards such loads. Also, material used for the design may vary when seismic 

load is being considered.  

     

5.3.1.5 Weather Conditions 

The major changing parameter is the weather condition at the potential bridge’s site, very 

unpredictable and destructive. One of the most major factor is the temperature differences 

between days and night since it creates properties change upon material that used in the 

design, deflection and deformation formed and may lead to catastrophic failure during the 

construction phase. Wind condition for the area should also be considered within the 

design and construction phase, since wind turbulence apply inconsistent loads on the 

structure and cause deflection and dynamic loads upon structure. Precipitation is also 

essential for bridge design, such as rain, snow and frost may create variety of problem 
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during construction phase, for example, safety purposes for workers and properties 

change of the material used as well as changing plan towards the construction time.  

 

5.3.1.6 Availability of Material 

Due to site location, there will be limitation on material that can be used during on the 

construction phase, such as road limitation for bigger trucks, heavy traffic blocking 

available space for using such equipment to do the work of implementing and special mix 

of concrete that been delayed by traffic and loses its function over time, budget constraints 

etc.  

  

5.3.2 Site Impacts 

In this section, it provides information on effect that the bridge itself brings towards the 

surrounding environment. This creates conflict towards neighbours and pollution upon the 

area causes health issues and destructive on nearby habitats for animals. The following 

information will be regulated by government or environmental group to minimize the 

effects toward the surrounding area.   

 

5.3.2.1 Vibration and Noise 

Vibration and noise during construction phase is invertible, however, this create 

constraints towards the working permit time and during the legal working time, noise and 

vibration is allowed. Noises usually be most concerned in the residential area, where most 

of the time noises is disturbing towards normal activity, especially sleeping. Also, the 

noise level may affect worker at the site causing health issues and create safety issue at 

the site. Vibration is also very essential to the surrounding, it may result change in soil 

layer and ultimately activate earthquake and causes serious consequences [5].    
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5.3.2.2 Pollution  

Air pollution is one of the major concern during construction phase of the bridge design. 

During the time of construction, dust and particulate material floating around and could 

be spread into the surrounding area and causes haze which bring down the quality of air 

and brings up health issues. Water tank is very crucial for absorbing smoke, dust and 

particulate material at the site. This brings the water pollution up to the discussion, where 

the quality of water would be damage more or less during construction phase. This causes 

tremendous effects on natural environment and it may destruct habitats for wild animals. 

In order to minimize the effects, codes and regulations must be followed accordingly.  

     

5.3.2.3 Traffic 

Traffic control is very optional, however, if the construction site is within the area of having 

potential traffic, which may create variety of problems mentioned in the previous sub-

sections, such as creating limitation towards availability of material, restricting special 

equipment usage in certain area etc. Anticipated traffic should be also considered in the 

design spectrum where understanding of the surrounding volume of traffic become 

essential, also influences the geometry of the bridge design.     

 

5.4 Government Regulation 

Government regulation is essential for construction design, as the following section will 

introduces the necessary information needed for the design to proceed into the next 

phase.  

  

5.4.1 Required Design Codes 

The design codes are used to justify whether the design could meet all the requirements 

such as strength, durability, serviceability, etc. Overall, this design must satisfy CSA S6-

14 (Canadian Highway Bridge Design Code, 2014 version). Comparably, AASHTO LRFD 

2014 (American Association of State Highway and Transportation Officials, Load 

Resistance Factored Design) could be consulted, which is used in the United States. 
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Moreover, specifically in Ontario, Ontario highway bridge design code must be referenced 

and satisfied. 

 

In addition, many other national codes may also influence the design. For instance, CSA 

A23.1-14 is used for concrete materials, CSA A23.3-14 is used for concrete structures. 

CSA S16-14 is used for steel structures. All these codes should also be consulted during 

the design process. Detailed clauses being consulted are listed in Chapter 4 in this 

document. 

 

5.4.2 Applicable Additional Requirements and Regulations 

Besides the design codes, some government regulations or technical requirements shall 

also be satisfied. 

 

5.4.2.1 Traffic Permits 

Traffic permit is required to distribute local traffic. This permit is typically issued by the 

local authorities. The design shall consider the local traffic to ensure the practicability 

such as material delivery, construction machine delivery and other potential issues. Local 

police or traffic coordinator may increase the cost, which shall also be considered.  

 

5.4.2.2 Construction Permits 

Before construction starts, a construction permit must be obtained from the local 

authorities. The design shall not violate any local, provincial or national regulations 

regarding all aspects of the design in order to process the construction. This permit may 

delay the design timeline or increase the cost if any issue exists. 
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5.4.2.3 Safety Regulations 

The design shall consider the constructability to ensure the safety of the construction site. 

All the safety regulations shall be considered. In Ontario, the Occupational Health and 

Safety Act (OHSA) should be consulted during the design process. 

 

5.4.2.4 Noise Regulations 

Noise pollution during the construction process shall also be considered. Operations of 

equipment will generate noise which will influence the neighborhood. Therefore, the 

design shall include the possible methods to reduce noise. In Toronto, the Toronto 

Municipal Code requires that all civil construction activities shall occur between 7:00 am 

and 11:00 pm, except in the case of an emergency. The design shall avoid complex 

structural design which requires longer construction time. For special cases, a Noise 

Exemption Permit shall be obtained from the local authorities. 

 

5.5 Constructability 

The design of a project is a process of iteration because of the complexity of the design 

problems, and nearly infinite number of potential solutions. Good designs require a series 

of iterations between the owner, the designer, and the builder. Prior to the construction of 

any project, the project owner, designer, builder and other relevant parties should 

communicate and reach consensus on the design proposal, as well as explore 

alternatives and backup plans to improve the constructability of the project. The term 

constructability refers to the ease and efficiency with which structures can be built. 

In particular, Construction Industry Institute (CII) defines the constructability as “the 

optimum use of construction knowledge and experience in planning, design, procurement, 

and field operations to achieve overall project objectives” [6]. 

 

5.5.1 Construction knowledge 

Construction knowledge is one of the key factors for constructability. All parties involved 

in the project should have a basic understanding of construction knowledge. Construction 
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knowledge should be effectively and timely integrated into the conceptual planning, 

design, construction, and field operations of a project to achieve the overall project 

objectives in the best possible and most cost-effective level [6]. 

 

5.5.2 Construction Techniques 

Available construction techniques should be discussed between the owner, the designer 

and the builder to facilitate the ease of on site construction. It is equally important for 

designers and builders to propose construction method alternatives, and for owners to 

inform the designers and builders about any constraints in construction. Proper 

construction techniques can greatly improve the constructability of the project and 

potentially reduce the cost and time. 

 

5.5.3 Design Consideration 

Similar to the construction knowledge, designers should always consider the construction 

process of any design they performed because its quality and details are closely related 

to the constructability. Good designs are simple, standardized and modularized, so that 

the construction process can be repetitive, thus minimizes potential construction errors in 

the field. Comprehensive considerations should be made in the design office since any 

on-site adjustments are expensive and time-consuming.  

 

5.5.4 Project Management and Communication 

Project management and communication is arguably the most important part of the 

constructability for any project. 

Project management is essential to keep any project on the right track. For owners, it is 

important to ensure sufficient funding available for the project. For designers, project 

management facilitates the collaboration between architects, engineers, technicians and 

other relevant personnel. As for builders, good project management during the ongoing 

construction can greatly improve the constructability of the project. 

Communication can be reflected on the preliminary planning, the design outputs as well 

as during the construction of the project. In the preliminary planning phase, 
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communication between all parties are vital, in order to clearly and correctly define the 

project, as discussed in Section 5.2. For the design outputs, communication can be 

reflected on the quality and cleanness of the design details. During construction, 

communications within the construction team, as well as communications between the 

construction team, the designer and the owner are all important in terms of making 

progress, resolving potential challenges and delivering a satisfactory project.  

 

5.6 Conclusion 

This chapter highlights all the prerequisite information and considerations necessary to 

begin the design process. Prerequisite information including client requirements, site 

conditions and government regulations are discussed, which the designer should be able 

to communicate to the client before and in-between the design process. Constructability 

considerations should be reflected on during the iterative design and construction process 

to achieve the overall project goal. 
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6.1 Introduction 

This chapter introduces three conceptual designs to potentially replace the collapsed 

portion of the De la Concorde Overpass. Prior to the discussion of conceptual designs, 

the background information about the De la Concorde Overpass is presented. Conceptual 

design objectives are also discussed and form the basis for the selection and evaluation 

of conceptual designs. The conceptual designs and associated detailed information are 

outlined and evaluated based on the previously established objectives. Based on a 

marking scheme developed by the team, the best conceptual design is determined to 

move forward into the design process. 

 

6.2 Background Information of De la Concorde Overpass 

As discussed in Section 2.2.3, the De La Concorde Overpass was designed and 

constructed in 1970s by the engineering firm Desjardins Sauriol & Associes (DSA) in 

accordance with CSA S6-1966. The overpass was considered to be innovative in North 

America at the time when it was designed and built [1].  

 

De la Concorde Overpass uses prestressed concrete box girders (Figure 2.1) to enable 

a single 90ft central span without any intermediate supports, as shown in Figure 2.2. This 

feature enables the unobstructed crossing of two heavy traffic arteries in Laval. To 

support the two ends of the overpass, the box girders were placed side by side on the 

abutment forming by thick cantilever reinforced concrete slabs of 4.24ft (Figure 2.3). As 

can be seen from Figure 2.4, the overpass carries a total of six lanes of traffic, with three 

westbound and three eastbound [1]. 
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Figure 2.1 Elevation view of the de la Concorde overpass showing central span and 

abutments [1] 

 

 

Figure 2.2 Cross-section of the de la Concorde overpass [1] 

  

On September 30, 2006, the road and overpass was inspected by a road supervisor and 

a crack (Figure 2.5) was noticed. Within thirty minutes of identifying the crack, the 

structure collapsed suddenly in a single block due to a shear failure in the east abutment 

cantilever and hit the autoroute below [1]. 
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According to the investigation by the commission, three main causes of the failure were 

determined and agreed by all the experts [1] [3]: 

1. The steel reinforcement in the concrete slab was improperly designed. 

2. The reinforcement was not installed into the specified location during the 

construction, as defined in the design. 

3. The concrete quality used in the abutments was too low for its purpose. 

 

In addition to the above three causes, the commission also identified three other 

contributing factors which were not universally agreed by every party [1]: 

1. The absence of shear reinforcement in the thick slab causes insufficient control on 

the internal cracks. 

2. Poor waterproofing on the surface of the thick slab saturates water into the 

concrete, thus exacerbated the freeze-thaw deterioration. 

3. The 1992 repair work removes excessive amount of concrete, exposes more 

reinforcing rebars, thus accelerate propagation of the concrete crack.  

 

6.3 Design Objective: 

In this section, the following information is needed for bridge designers to have basic 

consensus of the bridge for the conceptual design. Before replacing the collapsed bridge 

with a new one, designer shall follow certain factors to enhance performances and to 

prevent the same issue happening again with the collapsed overpass.  

 

6.3.1 Aesthetics and Uniformity with existing overpass  

● Uniformity 

For any overpass replacement, the designer shall take consistency of the existing 

overpass’s appearances into account. Generally, the proposed overpass shall be 

at least the similar bridge type which provide similar look and clearance 

underneath for keeping up the function that the collapsed one provided as well as 

elevating its appearances with the replacement.  
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● Aesthetics 

In addition to the uniformity, aesthetics shall be considered with the consideration 

of surroundings. 

 

6.2.2 Bridge Performances 

● Structural Performance 

The most essential factor for the replacement should be the actual bridge 

performances. There will be no excuses if the same failure mode happens again, 

in which, the primary things to do will be finding the sector that causes the failure 

and enhance the structure performances during the design phase which prevent 

the collapses happening again.  

 

● Durability 

Designer shall take durability into consideration since the service life of a typical 

bridge is usually more than a few decades.  

 

6.2.3 Bridge Construction 

For any conceptual design, it should be practical and constructible within the reasonable 

budget. Also, designers must take into account of the physical surrounding for future 

maintenance.  

 

● Ease of construction 

Ease of construction shall be considered as an advantage for any bridge design 

due to shortening construction time and more budget would be available for other 

uses.  

 

● Ease of fabrication 

The proposed bridge design shall be easier to build in the field, thus, less error 

would be made and substantially lower the possibility of happening bridge failure 

again.  
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● Self-weight  

Self-weight of the proposed design shall be considered since it highly influences 

the anticipated traffic for the proposed overpass, which is also one of the reason 

why the original overpass failed.  

 

● Ease of maintenance 

The bridge must be inspected thoroughly, and ease of maintenances is very 

important feature of whether the proposed overpass will not failure once more.     

 

6.2.4 Environmental Considerations 

● Construction Impact 

Designer of the bridge must consider the impact during the construction phase 

through following codes and regulations in the proposed area. In this particular 

case, existing traffic should be the primary factor of the impact of construction 

phase, and limitation of construction may occur since full blockage may not be an 

option.  

 

● Environmental Impact 

Any environmental impact such as water and air pollution should be also 

considered for the surrounding area.  

 

6.3 Proposed Conceptual Designs 

This section presents three proposed conceptual designs to replace the collapsed portion 

of the De la Concorde overpass. The preliminary design specifications are determined 

along with the discussion about the advantage and disadvantage for each design.  

 

6.3.1 Multicell Box Girder 

A precast post-tensioned prestressed concrete multicell box girder section is proposed to 

replace the eastbound portion of the bridge. The span of this structural type of bridge 
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varies up to 150 metres, which makes it suitable in this specific case. The geometry of 

the designed section would be similar to the existing structure (i.e. the westbound of the 

bridge) to achieve the greatest uniformity. 

 

The method of precasting is chosen over cast-in-place so that the on-site operation time 

could be minimized. In terms of material, high strength concrete over 35 MPa will be used 

for the precast multicell box girder. Instead of using regular steel rebars, steel tendons 

will be embedded both on the top and bottom, which not only reduces the depth of the 

multicell box girder but also provides better crack controls under service loading. 

Moreover, the transverse reinforcement will be designed to fulfill the requirement that 

accounts for shear failure. As for geometry, the box girder would have 10 cells in a total 

width of 13.7 metres including the flange and a depth of 1.3 metres, which is identical to 

the existing structure. The flange would be designed to provide the 1% inclination that 

allows drainage, and it will be paved on site. However, minor adjustment may be applied 

to meet S6-14. 

Advantages: 

● It is more aesthetically pleasing to view from below due to its closed structure [4]. 

● It provides great torsional resistance due to its closed structure. 

● The design may refer to the existing structure in some cases, which saves time. 

● The geometry is structurally efficient, which means it uses less material and saves 

costs. 

● All sections are prefabricated, which not only reduces the construction time but 

also assures the quality. 

● The interior cell spacing could be used for any pipelines [4]. 

 

Disadvantages: 

● Extensive transportation costs need to be considered since all sections are 

prefabricated and need to be transported to the site. 
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● The fabrication costs are relatively higher than I girders due to the geometry 

difference. [5] 

● It is more difficult to maintain as the interior of the cells are hard to access. [5] 

 

6.3.2 Slab on Precast Pretensioned I Girder 

This proposed conceptual design consists of cast-in-situ concrete deck supported by 

precast, pretensioned concrete I-girder. Slab on girder bridge structure is appropriate for 

short to medium span bridge, with common span to depth ratios between 0.05 and 0.055 

for simply supported type and ratio between 0.045 and 0.05 for continuous, multiple 

support type [6].  

 

The proposed slab on girder design utilizes CPCI 1600 bridge girder sections, each has 

a depth of 1.5 meters with span to depth ratio of 18. This type of I girder is selected so 

that the proposed design has a similar overall dimension to the existing structures of De 

la Concorde Overpass.  

 

Based on a conservative rule of thumb, girder spacing should be approximately 1.25 to 

1.75 times the depth of the cross section [6]. Therefore, 5 CPCI 1600 girders are deemed 

sufficient for the preliminary design. The detailed design for the deck and I girders will be 

executed using the CSA S6-14 code. 

 

 

 

Figure 6: Cross section of the proposed slab on I girder design [6]. 
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The construction of the cast-in-situ concrete deck can be achieved by utilizing formworks 

that extends from the precast I girders. However, extra cost and delays will be introduced 

by the construction of formworks. Alternatively, steel plates can be placed between I 

girders and concrete will be poured directly on top of the steel plates and I girders. This 

method eliminates extra cost and delays but special concerns should be taken when 

calculating the capacity of deck where steel plates are underneath. 

 

Based on the above conceptual design, the following advantages and disadvantages are 

discussed and used to determine the most-appropriate design alternatives among three 

proposed designs.   

 

Advantages: 

● Safety Performance: The precast, pretensioned I girder provides sufficient shear 

and flexural resistance throughout the overpass. The pretensioned characteristic 

also optimizes the deflection control of the overpass.    

● Ease of Maintenance: Since slab on I girders is usually open from the bottom of 

the bridge (unlike box girders), the base of the deck as well as the most part of the 

I girder sections can be inspected easily for any cracks, durability issues or other 

situations. However, the inspection of the beam seat is limited due to its geometry.  

● Aesthetics: The slab on I girder bridge is a common bridge type and does not have 

special aesthetic characteristics such as long and slender section or curved 

surfaces and shapes. However, it is consistent with the existing overpass thus can 

be considered as aesthetically appealing. 

 

Disadvantages: 

● Ease of Construction: Although precast I girder is considered as a time saving 

design, the cast-in-situ deck increase the overall construction time. 

● Quality Control: The quality of cast-in-situ deck is depended on a lot of factors 

discussed in Chapter 3. In addition, because the concrete quality is hard to control 
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for cast-in-situ, the girder and deck may experience different shrinkage, creep, 

deformation, etc. which may affect the performance. 

 

 

6.3.3 Asymmetrical Cable Stayed Bridge 

Besides the 2 traditional designs, an innovative design is also proposed. An asymmetrical 

cable stayed bridge is used in order to meet all the client’s requirement. 

 

Because this overpass is a cross of 2 arterial roads, a cable stayed bridge will not 

influence the underneath traffic flow. An aesthetic bridge will also decrease the driver's 

stress. Moreover, since an collapse accident happened here, it is memorable to build an 

innovative bridge for engineers to memorize the past failure. In addition, this design 

provides some possible support to reinforce the other uncollapsed part. According to 

these aspects, a landmark bridge is significant. 

 

Some previous similar design is referenced. 

 

Figure 6.3.3.1 Panlong River Bridge Design Proposal [7]. 
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As can be seen from the figure, a similar design could be proposed. An inverse “V” tower 

will be constructed across the diagonal. For each side, 9 cables are installed along each 

side, which are evenly distributed. If the other part needs to be reinforced,  

 

Advantages: 

1. No intermediate support. No interruption of underneath traffic. 

2. Aesthetic 

3. Innovative. Such asymmetrical bridge is rare in North America. 

4. Memorial landmark meanings. 

 

Disadvantages: 

1. More complex maintenance, which may increase the maintenance cost. 

2. Longer construction time due to complex structure 

3. Relatively higher cost due to longer construction time 

 

6.4 Evaluation of Conceptual Designs 

Factor Weight 

Distribution 

Multi-cell Box 

Girder 

 

Slab on 

Precast 

Pretensioned I 

Girder 

Asymmetrical 

Cable Stayed 

Bridge 

Aesthetics 5% 7 5 10 

Cost 15% 7 8 3 

Durability  15% 8 8 7 

Ease of 

Construction  

10% 9 7 3 
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Ease of 

Fabrication 

5% 7 8 5 

Ease of 

Maintenance 

10% 7 9 5 

Material 

Consumption 

5% 9 7 8 

Structural 

Performance 

15% 9 7 8 

Sustainability 10% 7 7 9 

Uniformity 

with existing 

overpass 

10% 10 7 3 

Total score 10 8.05 7.45 5.85 

 

The chart above indicates the score each alternative received.  Each objective was given 

a weight factor based on its relative importance. After the discussion of the effective 

factors where each weighted-distributed, each conceptual design was then assigned a 

rating value based on how well the design met that objective.  

 

The total score of the Multi-Cell Box Girder option was calculated by the following 

equation: 

5% x 7 + 15% x 7 +15% x 8 +10% x 9 + 5% x 7 + 10% x 7 + 5% x 9 + 15% x 9 + 10% x 

7 + 10% x 10 = 8.05 

 

For Slab on Precast Pretensioned I Girder and Asymmetrical Cable Stayed Bridge options, 

the total score was calculated in the same manner as the Multi-Cell Box Girder option.  
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the highest scored alternative, which is the Multi-cell Box Girder option, was determined 

to be the recommended solution to replace the collapsed portion of the De la Concorde 

Overpass.  

 

6.5 Conclusion 

Based on the grading chart developed in section 6.4, Multi-cell Box Girder is determined 

to be the most appropriate design option to replace the collapsed portion of the De la 

Concorde Overpass. The Multi-Cell Box Girder is advantageous for its uniformity with 

existing overpass, high structural performance and low material consumption. The 

conceptual design is to be served as the basis for possible design options to be 

investigated and move towards the best possible option for detailed designs. 
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7.1 Introduction 

Structure analysis is an essential step for any structure design, it provides information 

that designers and engineers need, such as loading, deflection within the structure for 

future improvement or arrangement. In this chapter, it will start with the definition of 

structure analysis, then introduce the methodology of structure analysis, and finally the 

common software used for structure analysis.  

 

7.2 Structural Analysis Overview 

A structure refers to a system of connected parts used to support loads. Structural 

analysis is the determination of the effects of loads on structures by employing the field 

of applied mathematics, material science and applied mechanics to calculate the 

deformation, internal forces, stresses, support reactions, accelerations and stability of a 

structure. [1] 

  

7.2.1 The Purpose of Structural Analysis 

Once a preliminary design of a structure is proposed, the structure must be analyzed to 

characterize its behaviour under supported loads. The purpose of the structural analysis 

is to ensure the adequacy of the design in terms of its strength (safety) and stiffness 

(serviceability). The process of structural analysis in relation to other processes in a 

design project is shown in Figure 7.1. 
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Figure 7.1 Process of Structural Analysis 

 

 

7.2.2 Required Inputs 

The Inputs required for structural analysis includes geometry, material properties, applied 

loads, and boundary conditions. 

 

7.2.2.1 Geometry 

The overall geometry of a structure is determined by the conceptual design. For bridge 

designs in particular, the span length, width and depth of the main deck are the main 

geometry that need to be identified. The geometry of individual structural component is 
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the most paramount since failures usually occur locally in reality. These geometries can 

be categorized based on types of structural components: truss, beam, frame, shell, solid, 

etc.  

7.2.2.2 Material Properties 

Material property specifies the behaviour of a material under various conditions and is 

essential to adequately analyze the response of a structure. The general material property 

is the density. Depending on the material type and loading conditions, the following 

material properties may be required to accurately perform the structural analysis: 

● Elastic mechanical properties: the most commonly used one is the linear elasticity. 

Other elastic mechanical properties that may be relevant to bridge designs are 

porous elasticity, viscoelasticity and stress softening in elastomers. 

● Inelastic mechanical properties: this category includes metal plasticity, concrete 

cracking and damaged plasticity and other plasticity models. 

● Other material properties including fatigue property, heat transfer properties, 

concrete long-term properties. 

  

7.2.2.3 Applied Loads 

The applied loads and all possible load combinations must be well defined to perform the 

structural analysis. Types of loads encompass dead loads, live loads and environmental 

loads (i.e. highway bridge load, impact load, etc.). All potential cases of load combinations 

must be examined to find the critical load the structure supports. Depending on the 

structure and applied loads, both static and dynamic analysis may be required to obtain 

the critically applied load combination. 

The design loading for a structure is often specified in codes. In general, the structural 

engineer works with two types of codes: building codes and design codes. 

● Building codes specify the minimum design loads on structures and minimum 

standards for construction. 
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● Design codes provide detailed technical standards and establish the requirements 

for the actual structural design. 

  

7.2.2.4 Boundary Conditions 

The boundary conditions are arguably the most critical part in the structural analysis. 

Boundary conditions need to be defined as accurately as is practicable as they are 

responsible for either withstanding or transferring loads. Common boundary conditions 

are hinge, roller and fixed connections. 

● A hinge represents a pin connection to a structural assembly and it does not allow 

translational movements. It is assumed to be frictionless and to allow rotation of a 

member with respect to the others. 

● A roller represents supports that permits the attached structural part to rotate freely 

with respect to the foundation and to translate freely in the direction parallel to the 

foundation surface. 

● A fixed support does not allow rotation or translation in any direction. 

Some other boundary conditions that are relevant to the bridge design are elastic 

foundation and others that have stiffness between free and fixed conditions (i.e. K 

between 0 and 1). 

 

7.2.3 Structural Indeterminacy 

In general, if the external reactions, the deformed shape and internal stresses in the 

structure can be accomplished by equations of equilibrium, then such structures are 

known as statically determinate structures. However, almost all structures in the real 

world are statically indeterminate due to its complex geometry, material, loadings, 

boundary conditions and other factors. 
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7.2.3.1 Statically Indeterminacy 

For statically indeterminate structures it is not possible to determine either reactions or 

internal stresses or both using equilibrium equations alone (i.e. the number of reactions 

exceeds the number of equilibrium equations). The indeterminacy may be from external, 

internal or both. 

  

7.2.3.2 Kinematic Indeterminacy 

Similar to statically indeterminate structures, kinematic indeterminate structures refer to 

those which compatibility conditions alone are not enough to calculate deflections of the 

structure. It is a displacement based analysis in which joint displacements (in terms of 

translations and rotations) are treated as unknown quantities and are known as the 

degree of kinematic indeterminacy or the number of degrees of freedom. 

 

7.2.4 Equilibrium, compatibility, and constitutive equations 

As mentioned above, there are three types of equations to be used to analysis a structure, 

naming equilibrium, compatibility, and constitutive equations. 

  

7.2.4.1 Equilibrium Equations 

Based on Newton’s second law of motion stated as the following equation: 

 

A structure is in the state of static equilibrium if the right hand of the equation is equal to 

zero, which leads to the equilibrium equation as below: 

 

The sum of forces and moments on a structure must be equal to zero to satisfy the 

statically equilibrium condition. 
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7.2.4.2 Compatibility Equations 

In addition to satisfying equilibrium conditions, a structure should also satisfy all the 

compatibility conditions. Compatibility conditions require that the displacements and 

rotations be continuous throughout the structure and compatible with the boundary 

conditions. 

 

 

7.2.4.3 Constitutive Equations 

Based on strain energy density and generalized Hooke’s law, the constitutive equations 

have two forms for linear elastic materials: constitution and stiffness form. The constitutive 

equations are usually in the form of matrices, which are based on different material 

properties. 

  

7.2.5 Linear vs. Nonlinear Analysis 

Depending on the structure being analyzed, two analysis method can be employed: linear 

analysis and nonlinear analysis. 

 

The linear analysis considers small displacements and linear material properties. A linear 

stress-strain relationship follows Hooke’s law that the stress in a material is proportional 

to the displacement. Steel and concrete follow a linear stress-strain relationship at low 

loads relative to the ultimate strength of each material. For steel material, it follows linear 

stress-strain relationship at loads below the yield strength of the material, regardless of 
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loading direction [2]. For concrete material, it is usually considered linear when under all 

tensile loads below cracking, and compressive loads below 60% of the ultimate strength 

of the material [3]. 

 

The nonlinear analysis considers nonlinear material response or nonlinear geometric 

response, or both. Material respond nonlinearly when undergoes plastic deformation. For 

steel material under loads above the yield strength and concrete material under loads 

above 60% of the ultimate strength, material nonlinearity should be taken into the analysis 

[2] [3]. 

 

For nonlinear geometric response, the structure is analyzed under deformed shape and 

second order effects usually contributes to the overall response of a structure. Examples 

of geometric nonlinearity are P- Δ effects on columns, large tip displacements on 

cantilever beams and buckling of shells. 

 

 

  

7.2.6 Finite Element Analysis (FEA) 

Finite element analysis (FEA) is a modern computerized method for predicting how a 

complex object (or simple object under complex conditions) reacts to real-world forces, 

vibration, heat, fluid flow, and other physical effects. The principle theory of FEA is to 

simulate the real-world response of an object by breaking down it into a large number 

(thousands to hundreds of thousands) of finite elements, such as little cubes, tetrahedral, 

octahedral, etc., depending on the overall geometry of the object. Mathematical equations 

help predict the behavior of each element. A computer then adds up all the individual 

behaviors to predict the behavior of the actual object. The powerfulness of FEA is largely 

depended on the processing power. Benefit from the rapid development of computer 

technology, the ability of FEA has grew exponentially and enables engineers to simulate 

complex problems that are once unthinkable to solve. 
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Advantages of FEM over other methods are described as follows [4]: 

● Can be used on arbitrary domains (in contrast to finite difference methods) 

● Extremely robust computational method that is versatile to various problems 

● FEA scales well and because you can modify the basic functions, you can make 

your calculation more accurate without changing your mesh 

● FEA tends to capture small details in solutions better than finite volume methods 

because of the way that the solution is smoothly interpolated over each element in 

the FEM. This produces a tradeoff for the modeler because the FVM can often be 

more computationally efficient for many applications. 

● Because of FEA’s ability to resolve fine details in the solution, the FEM is often 

superior for Multiphysics problems where there is a high degree of coupling and 

non-linearity. The speed advantage of FVM is often lost as one must refine the 

mesh to accurately capture the coupling behavior. 

  

7.2.7 The Importance of Hand Calculations 

Despite the availability of powerful computer software, the basic understanding of 

approximately the ways structures deform and stresses flow is essential. Engineers 

should have the ability to quickly calculate the response of a structure by simply looking 

at the geometry, material properties, applied loads, and boundary conditions. Computer 

software are programmed to yield approximate answer only if all the required inputs are 

close to what the real conditions are. Knowing the uses and limitations such as linear vs 

nonlinear properties, structural indeterminacy, types of loads, etc., is crucial for the use 

of any computer-aided tools and can otherwise lead to completely wrong answers. 

Therefore, it is the best to perform simple hand calculations after any computer analysis 

to check if the model yields reasonable results. 

 

7.3 Modelling Methodology 

There are three stages when engineers use software to do structure analysis. In this 

section, all the stages will be introduced in details [5] [6].  
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7.3.1 Pre-Processing 

The first stage is preprocessing. During this stage, the structural engineers should input 

every details information including material property and geometry of the design, 

boundary conditions are essential as well. This is very time consuming and mistakes can 

be easily made, since each node and each element may have their own properties, 

despite nowadays there are many commercial codes and technique to make it more 

convenient. However, this stage should be done carefully for saving times and increasing 

accuracy for the calculations [5] [6]. 

 

7.3.2 Processing 

The next stage is the processing stage. During this stage, designers let computers to 

solve the unknowns assigned during the preprocessing stage. There are many different 

types of software to do structure analysis, despite the differences, the fundamental ideas 

are the same, which is solving varieties of unknowns using multiple equations. Also, there 

are many techniques to solve these unknown in the structure. The first method should be 

analytical structural analysis, the models needs nearly exact geometric and interactions 

as reality in order to calculate results more accurately[5] [6]. The second method is the 

finite element method, FEM, which is a numerical procedure, where the structure is 

impossibly solve by using analytical method[5] [6]. Despite most FEM results are not 

accurate, the more equations used during the calculation helps the design engineers to 

have enough knowledge to assure the results are reasonable from the inputs 

information[5] [6].    

 

7.3.3 Post-Processing 

The final stage is the post-processing stage. During this stage, engineering judgements 

are required, based on the results that the processing stage provide, designer engineers 

must determine its reliability. Once the results are revised and approved, then the 

drawings are ready for construction teams to build the actual structure.  
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7.4 Structural Analysis Computer Packages 

Nowadays, structural analysis is usually conducted through software to take advantages 

of the computational abilities of computers. Five of the typical structural analysis software 

are introduced in this section. They differ in terms of the assumptions that has been made 

at the development stage. Thus, each of these software would have its advantages and 

limitations that engineers should pay attention to.  

 

7.4.1 SAP2000 

SAP2000 is one of the most famous structural analysis software in the world. The SAP 

name has been synonymous with state-of-the-art analytical methods since its introduction 

over 30 years ago. SAP2000 follows in the same tradition featuring a very sophisticated, 

intuitive and versatile user interface powered by an unmatched analysis engine and 

design tools for engineers working on transportation, industrial, public works, sports, and 

other facilities. 

 

SAP2000 is a robust program for this problem. Various loading situation and various cross 

section geometry could be applied to analyze the problem very accurately. 
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Figure 7.2 Import Geometry in SAP2000 

 

SAP2000 has very user friendly features. For example, it is convenient to import a DXF 

file into Section Designer, which reduces a lot of labor work. 
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Figure 7.3 Code Requirement in SAP2000 

 

Like many other software, SAP2000 can also do the code check, which provides a 

powerful reference. 
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Figure 7.4 Energy Plot. 

 

SAP2000 has also an important feature that can give an energy plot of the joints or 

members. This can help designers to decide whether the design is practical or not. 
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Figure 7.5 Overall Reaction Diagram. 

 

SAP2000 can also provide a 3D graph showing all members’ reaction forces via finite 

element analysis. This user interface is also convenient for the designers to decide where 

the most important part is in the whole structure. 

 

7.4.2 RISA 3D 

RISA 3D is one of the most popularly used 3D design and analysis software. According 

to a survey conducted in 2013, RISA 3D was the most widely used software among the 

U.S. engineers [7]. The software gains its popularity from various aspects. In terms of 

design, the software is packed with not only the current codes for design of different 

materials such as steel, concrete, aluminum, masonry and timber, but also codes from 

different areas in the world including American, Canadian, European and Chinese codes. 

As shown in Figure 7.6, engineers could easily choose which codes they need to use for 

each individual material. As for analysis, RISA 3D tends to have its limitations since the 

software is developed primarily based on linear elastic analysis, which makes it capable 

of solving loads conditions under serviceability limit states[9]. However, the nonlinearity 

abilities of RISA 3D are limited to the P-Delta effect and tension-only / compression-only 
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elements[9]. Thus, engineers may consider software such as Abaqus for any more in 

depth nonlinear analysis. 

 

 

Figure 7.6 Screenshot of the Code Selection [8] 

 

Aside from its capabilities, RISA 3D is recognized to be one of the most user friendly 

analysis software, which also explains why it is popular [7]. The editing environment of 

this software is CAD-liking, and the intuitive interface as well as the extensive use of 

spreadsheet significantly reduce the learning curve of this software [10]. Figure 7.7 gives 

an example of the spreadsheet that shows the result of analysis. Moreover, online videos 
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and tutorials are available on the RISA websites that explains things so well that almost 

anyone can self-taught themselves to use this software. Furthermore, RISA 3D integrates 

perfectly with other RISA software such as RISAFloor, RISAFoundation and 

RISAConnection to provide a comprehensive design solution. Overall, the combination of 

user friendliness and the sufficient analysis ability makes RISA 3D a powerful tool for 

engineers to use. 

 

 

Figure 7.7 Typical Analysis Result of Member Stresses [11] 

 

7.4.3 MIDAS Civil 

Aside from RISA 3D, Midas Civil is another user friendly software that is oriented for 

bridge designs and moving loads analysis. Similar to the RISA 3D, all three modelling 

stages (preprocessing, processing and post processing) could be accomplished within 

this software. It is also equipped with user friendly interface that allows designers 

intuitively understand the function of each area on in the program as shown in Figure 7.8. 

There are various display methods available to provide a clearer presentation of the 

model to users [12]. The experience of constructing a model on this program is similar 

with drawing on CAD programs, and users can directly import CAD section drawings into 

MIDAS Civil for the purpose of Analysis [13]. Extensive wizards are introduced in this 

software to help designers build up the model [13].  
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Figure 7.8 The Work Tree Menu [12] 

When it comes to the actual analysis abilities, MIDAS Civil is capable of conducting both 

linear and nonlinear analysis, whereas other typical software such as SAP2000 and RISA 

3D are limited with linear analysis [12]. It could even perform analysis during each 

construction stages, and it will show how the activation or removal of each element could 

change the boundary conditions [14]. In addition, MIDAS Civil is really capable of 

analyzing moving loads. As shown in Figure 7.8, MIDAS Civil are equipped with a moving 

load tracer that automatically determines the location of a moving load that generates the 

maximum member forces [14]. Moreover, the software provides shortcut for each type of 

bridges that users want to analyze. For a composite girder bridge, the member forces 

before and after the composite actions need to be checked, which means two analysis 

are usually required. However, this software could eliminate the need of conducting two 

different analysis [14]. 
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Figure 7.9 Moving Load Tracer [14] 

In the post processing stage, the program automatically imposes load combinations 

according to the design codes specified by users [15]. Then, the MIDAS Civil would 

provide table results that are compatible with Excel as well as graphical results that have 

different display options to show the stress and deflections as shown in Figure 7.10 [15]. 

 

Figure 7.10 Examples of Graphical Results [15] 
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7.4.4 ANSYS  

The ANSYS structural analysis software suite enables engineers to solve complex 

structural engineering problems and make better, faster design decisions. With finite 

element analysis (FEA) tools, it is easy to customize and automate the simulations, and 

parameterize them to analyze multiple design scenarios. ANSYS Structural Mechanics 

software easily connects to other physics analysis tools, providing even greater realism 

in predicting the behavior and performance of complex products [16].  

 

For civil engineers, CivilFEM for ANSYS is a customized version of ANSYS, tailored for 

advanced civil/structural engineering applications. Combining state-of-the-art features of 

ANSYS—the world leader in simulation—with the high-end civil-engineering structural 

analysis capabilities of CivilFEM gives engineers access to the world's most advanced, 

comprehensive and reputable finite element and design software for civil-engineering 

applications.     

 

Applications suited for CivilFEM software are high-rise buildings, bridges, seismic 

calculations, offshore structures, power plants, soil mechanics, dams and tunnels.  

 



 
 

 
 

7-22 

 

Figure 7.11 ANSYS overlook [2] 

 

In particular, CivilFEM has a library of common bridge cross sections, pre-stressed 

concrete utilities, bridge layout design, suspension/ cable stayed bridge model wizards, 

moving load generator and so forth. These features are extremely convenient for the 

bridge design [2]. 

 

In addition, CivilFEM supports the code check. Unfortunately, this currently does not 

support Canadian codes. However, AASHTO and other American codes could be 

checked, which could give some reference to this design. 

 

 

Figure 7.12 Customized Geometric Shape in CivilFEM [18] 
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Figure 7.13 Code Check in CivilFEM [Y3]. 

 

7.4.5 Abaqus FEA 

Similar to ANSYS, Abaqus is a software suite for finite element analysis. As shown in 

Figure 7.14, The Abaqus product suite consists of five core software: Abaqus/CAE, 

Abaqus/Standard, Abaqus/Explicit, Abaqus/CFD and Abaqus/Electromagnetic. 

Abaqus/CAE is generally used for the application of civil structural analysis, in both 

modelling and analysis of components and assemblies (pre-processing) and visualizing 

the finite element analysis result.  
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Figure 7.14 Overview of Abaqus Product and Applications [2] 

 

Abaqus/CAE is an interactive, graphical environment that allows model to be created 

quickly and easily by producing or importing (i.e. using SolidWorks) the geometry of the 

structure to be analyzed and decomposing the geometry into meshable regions. Physical 

and material properties, as well as loads and boundary conditions can be assigned to the 

geometry. Abaqus/CAE contains very powerful options to mesh the geometry and to 

verify the resulting analysis model. The results can be interpreted using the Visualization 

module to provide a direct view of results. 
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Figure 7.15 Abaqus User Interface [M2] 
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Figure 7.16 Boundary Condition Assignment in Abaqus 

 

 

 

Figure 7.17 Finite Element Mesh in Abaqus 

 

 

 

Figure 7.18 Abaqus Result Output in Viewport 
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Abaqus is equipped with two solvers, Standard and Explicit, to enable the ability run a 

variety of simulations. Though Abaqus has no support for any materials, it allows users 

to configure the materials using a variety of models. The user also has very fine control. 

In addition, Abaqus allows modeling at a high level of detail. The user is able to set up a 

very detailed model describing various kinds of behavior, as well as a “bare-bones” model 

that provides general information. Moreover, the software is command-line accessible 

and supports scripting functionality. However, the open-ended nature of the program 

presents a steep learning curve. Also, it takes a lot of time to “setup” simulations using 

the software as the user has to manually set many of the simulation parameters. [3] 

 

7.5 Conclusion 

This chapter provide a basic information about the structure analysis from the definition 

to the methodology of structure analysis. It also gives information about the software 

needed for such repeated, complicated calculation for the structure system. The result of 

the structure analysis will give designer the knowledge to optimize capital usage and the 

design itself.   
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8.1 Introduction  

In this chapter, the emphasis will be on detail design procedures. First of all, it will start 

with different types of bridge elements, as well as different material used within bridge 

design. Then, in the next section, it will emphasis on design of prestressed concrete I 

girder as well as select cross section from determining applied loads. After that, determine 

tendon profile from the known information. In the end, design for flexure and shear for the 

bridge and concrete deck of the bridge 

 

8.2 Bridge Elements 

Generally, for a typical bridge, there are 6 major parts: deck, girder, abutment, footing 

and foundation and column. Decks are used to provide a flat plane for transportation. 

Girders are used to support the decks above and transfer the load to the columns. 

Columns are used to support the girders and transfer the load to the ground. Footings 

and abutments are used to connect the structures and the foundations. Finally, 

foundations are used to support all the loads.  

 

Figure 8.1 Bridge Elements [1] 

 

Furthermore, the different elements are summarized into 2 parts, substructure and 

superstructure. Generally, substructure refers to all the structural components below the 
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deck, which are mostly invisible such as footings and foundations. Superstructure refers 

to the rest of structures that are visible such as decks and girders. Substructure design 

includes the design of foundations and geotechnical system, which could be designed 

based on Section 6, CSA S6-14. Superstructure design includes the design of girders, 

decks, arches or other components which are used to transfer the load to substructure. 

Superstructure can be designed based on Section 8, 9, 10, 12 in CSA S6-14. 

 

 

Figure 8.2 Illustration of Substructure and Superstructure [1] 

 

8.3 Material 

As discussed in Chapter 4, designers must choose materials that satisfy the design 

requirements in their designs. Thus, this section would provide a guideline about how 

designers may choose the appropriate materials, such as concrete, reinforcing bars and 

prestressing tendons, in a detailed design specification. 

 

8.3.1 Concrete 

Concrete as a common construction material are extensively used on this design. For 

reinforced concrete components in this design, concrete with ultimate strength between 
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30 MPa and 85 MPa must be used if the bridge is designed based on S6-14 [2]. If the 

design is based on AASHTO, then the ultimate strength of the concrete must be between 

2.4 ksi (16.5MPa) to 10.0 ksi (68.9 MPa) [3]. However, S6-66 only allow the ultimate 

strength of concrete to stay within 3.0 ksi (20.7 MPa) to 5.0 ksi (34.5 MPa) [4]. When it 

comes to prestressed concrete components, the requirement is usually slightly higher. 

S6-14 and AASHTO increase the lower limit to 35 MPa and 4.0 ksi (27.6 MPa) 

respectively [2] [3]. Within these limits, the designer may choose the grade of concrete 

that is needed based on the nature of the designed component and the external 

environments. Concrete with ultimate strength outside of the limit may be used only if it 

is proven by additional physical tests that have been done [2] [3]. Once the specific type 

of concrete is chosen, any physical properties, including thermal expansion, shrinkage 

and creep, could be determined according to what has been discussed in Chapter 4, and 

these properties will be used for design purposes. 

 

8.3.2 Reinforcement 

Reinforcements are usually embedded in the concrete to provide additional tensile 

capacity of the entire composite material. Different requirements are imposed by design 

codes regarding to the specific type of reinforcement that is chosen. 

 

8.3.2.1 Normal Reinforcing Steel 

For normal reinforcing steel bars that are embedded in the concrete, S6-14 requires them 

to have the yield strength between 300 MPa to 500 MPa with modulus of elasticity to be 

200,000 MPa [2]. Figure 8.3 provides an overview of the standard available rebars in 

Canada. Thus, designers may choose rebars that are listed in this table when doing the 

design. 
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Figure 8.3 Canadian Rebar Size Chart [6] 

 

As for AASHTO, it requires rebars to have the yield strength between 60.0 ksi (413.7 MPa) 

to 75.0 ksi (517.1 MPa) with modulus of elasticity to be 29,000 ksi (199,948 MPa) [3]. 

Figure 8.4 provides an overview of the standard available rebars in US. Thus, designers 

may choose rebars that are listed in this table when doing the design. 



 
 

 
 

8-7 

 

 

Figure 8.4 US Rebar Size Chart [7] 

8.3.2.2 Prestressing Tendons 

Unlike designing for reinforced concrete components, the design of prestressed concrete 

components require the use of prestressing tendons that generally have a much higher 

ultimate tensile strength around 1720 to 1860 MPa [5]. As for the modulus of elasticity, 

S6-14 suggests that 200 000 MPa would be used for Size 9, 13 and 15 seven-wire strand, 

and 195 000 MPa for size 16 unless more accurate data are acquired from physical tests 

[5]. Depends on whether the design is based on S6-14 or AASHTO, designers may 

choose the tendon based on following common types shown in Figure 8.5 and Figure 8.6. 
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Figure 8.5 Common Tendons from CPCI Metric Design Manual [5] 

 

Figure 8.6 Common Tendons from PCI Design Handbook [5] 
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8.4 Design of Prestressed Concrete I Girder 

For the design of a prestressed concrete girder, there are several important components 

that structural engineers must consider. The overall process can be summarized as 

follows: First, the preliminary shape and dimension of the overall cross section should be 

determined. The selection of a preliminary design geometry requires sufficient design 

considerations, otherwise excessive iterations may be required when proceeding into 

detail designs. Once the geometry is determined, the detailed design is to be proceeded 

by calculating the material properties, tendon profiles, prestressing requirement, number 

of reinforcing bars, etc. Construction considerations should be always kept in the 

engineer’s mind during the entire design process. Once the design layout is developed, 

necessary checks should be performed including the strength of the member, the 

deflections, as well as the initial and final stress limits in the member [5]. 

 

8.4.1 Determine the Applied Loads 

Prior to performing any preliminary designs, the design loads must be determined to 

accurately reflect the actual loading conditions, under all possible loading scenarios. This 

step is paramount since it is the basis of all the following design and checks.  

 

In general, two main categories of the applied loads are dead loads and live loads. For 

the design of the bridge girder, the dead loads include the self-weight of the girder, the 

slab, as well as the asphalt paving, barrier rails, signs, etc. Live loads for bridge design in 

particular, include various lane loads and truck loads that are moving along the bridge 

member. Structural analysis is required to determine the design loads that each portion 

of the girder is carried, which can be achieved by the combination of hand calculations 

and numerical analysis. In addition, impact allowance for truck load moments must also 

be taken into considerations. The abovementioned lane and truck loads as well as impact 

allowance are all codified in CSA S6-14, CSA S6-66, and AASHTO-14, which are 

discussed in chapter 4 of this document. 
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8.4.2 Select Cross Section Dimension 

After the superimposed load and the span of the bridge is determined, designers may 

refer to previous designs that are similar to the current project to get an estimate of the 

cross-section dimension. In addition, designer may refer to the plot shown in Figure 8.7 

to select an appropriate element based on the imposed load and the span of the bridge 

[5]. 

 

Figure 8.7 Span and Load Ranges for Typical Elements [5] 

 

Once the specific type of elements is selected, designers may refer to Figure 8.8 to 

approximate the span to depth ratio of the cross section. After the preliminary cross 

section geometry is determined, the corresponding dead load needs to be considered 

regarding to further design purposes [5]. 
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Figure 8.8 Typical Span to Depth Ratio for Simply Supported Prestressed Members [5] 

 

8.4.3 Determine Tendon Profile 

There is infinite choice of potential tendon profiles which may work for the proposed 

design. However, selecting an effective tendon profile requires design iterations and 
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years of experience. For the case of designing a simply supported beam, the general 

guideline for choosing tendon profile is to drape down the tendon as low as the concrete 

cover allowance at midspan, such that the tendon can resist the maximum positive 

moment at this location. As for the tendons that are near the supports, it should rise in a 

parabolic shape to minimize the eccentricity induced by the prestressing. The basic idea 

of choosing tendon profile is to maximize the use of tendons along the length of a member 

such that the member performance can be optimized. Figure 8.9 shows the influence of 

tendon profile on the deflection control. 

 

Figure 8.9 Tendon Profile and Its Impact [8] 

 

8.4.4 Design for Flexure 

For the design of flexure strength, the girder should be analyzed together with the 

concrete deck on top to treat the girder and deck as a composite structure. 

 

8.4.4.1 Check Concrete Stress under Service Loads 

In the design of composite members, it is necessary to consider the different stages in 

the life of a member. In order to satisfy the stress limits of concrete, the stresses will be 

checked at the following three stages [5]. 
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Stage 1. Initial conditions at transfer. At this stage, the prestress force has its 

highest value, while the concrete has a relatively low strength. The external 

moment is also low and it is caused only by the self-weight of the girder. 

The stress on the top face of the girder is: 

 

 

The stress at the bottom face of the girder can be calculated as: 

 

 

Stage 2. Conditions at the time of placing the deck concrete. At this stage, the 

girder is not only carry its own weight but also the weight of deck concrete. The 

concrete strength will have reached 𝑓𝑐
′ while the prestressing force will lie between 

the initial force and the final force. 

 

The external moment is caused by the self-weight of the girder, the self-weight of 

the deck concrete and associated formwork. 

 

The stress on the top face of the girder is: 

 

 

The stress at the bottom face of the girder can be calculated as: 

 

 

Stage 3. Final conditions. At this stage, the concrete deck and the girder will act 

as a composite unit to resist all bridge loadings. 
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The stress on the top face of the composite section (i.e. the top face of the slab) 

is: 

 

 

The stress at the top face of the girder can be calculated as: 

 

 

The stress at the bottom face of the girder can be calculated as 

 

 

8.4.4.2 Check Flexural Capacity 

The design requirement for flexural is that the moment resistance must be equal or 

greater than the factored load, that is 𝜙𝑀𝑛 ≥ 𝑀𝑓, 𝜙 = 0.9 is the nominal flexural strength 

of the concrete, and 𝑀𝑓 is the factored Moment [9]. For simply supported beam, the 

maximum moment is at midspan. 

 

For members with bounded tendon, tendon stress can be calculated using: 

 

 

Where: 

𝛾𝑝 =Factor accounting for the shape of the stress-strain relationship for the 

prestressing Steel. 

𝛾𝑝=0.4 for 𝑓𝑝𝑦/𝑓𝑝𝑢 ≥ 0.85(stress- relieved strand) 

   𝛾𝑝=0.28 for 𝑓𝑝𝑦/𝑓𝑝𝑢 ≥ 0.9(low relaxation strand) 
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𝑝𝑝=ratio of prestressed reinforcement =𝐴𝑝𝑠/𝑏𝑑𝑝 

𝑑𝑝=distance from extreme compression fiber to centroid of prestressed 

reinforcement 

𝜔=𝑝𝑓𝑦/𝑓′𝑐p is the ratio of non-prestressed reinforcement (= 𝐴𝑠/𝑏𝑑) 

𝜔′=𝑝′𝑓𝑦/𝑓′𝑐p is the ratio of compression reinforcement (=𝐴𝑠′/𝑏𝑑) 

 

The value of a will be calculated to determine the rectangular compression block stress: 

 

 

Using all the calculated value above, the flexural resistance of the composite structure 

can be determined by the following equation: 

 

 

8.4.4.3 Check Concrete Reverse Strength after Cracking 

The concrete will crush in rupture 𝑓𝑐𝑟 = 7.5√f′𝑐. Under final condition, the cracking 

moment need to be first determined using: 

 

 

 

where 𝛥𝑓 is the difference between cracking stress (-ve) and tensile stress in the 

bottom fibre (+ve).  

 

To check if the concrete after cracking still has adequate resistance, following condition 

must be satisfied [8]:  
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8.4.4.4 Stress Limit in S6-14 [2] 

The following clauses in S6-14 state the prestressed concrete stress limitations for the 

design [2]. This should be checked with the calculated values using the method described 

in Section 8.4.4.3. 

 

 

 

 

Figure 8.5 - Concrete stress limits at transfer and service, CSA S6-14. 
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8.4.4.5 Stress Limit in ASSHTO LRFD-14 [3] 

For the stress limit check using ASSHTO LRFD-14, the following stress limits must be 

used, as specified in clause 18.3.1.1 in the code. 

 

 

 

Figure 8.10 Concrete stress limits at transfer and service, ASSHTO LRFD-14. 

 

8.4.4.6 Stress Limit in CSA S6-66 [4] 

While limited, the CSA S6-66 specifies the following stress limits for design, as shown in 

Figure 8.11 below.  
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Figure 8.11 Concrete stress limits at transfer and service, CSA S6-66. [5] 

 

8.4.5 Design for Shear 

Once the design of flexural resistance is considered, the next step is to design for shear 

resistance as it is another critical failure mode. The required amount of transverse 

reinforcement needs to be design so that the member would have an adequate ability to 

resist the shear load imposed on the member. 

 

8.4.5.1 CSA S6-14 [2] 

The total shear resistance capacity of the member is contributed by concrete Vc, 

transverse reinforcement Vs, and the vertical component of prestressing force Vp [2]. The 
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ultimate goal is to design the member so that the total factored shear resistance is greater 

than the factored shear force applied on this member. The step by step design procedure 

is provided in the following section: 

1. Determine dv as the first critical location that needs to be designed for: 

 𝑑𝑑 = max (0.9, 0.72ℎ )  

2. Determine the factored axial force 𝑁𝑓, factored moment 𝑀𝑓, and factored shear 

force 𝑉𝑓 at the designed location. 

3. Calculate for the vertical component of the prestressing force as 𝑉𝑝. 

4. Determine the equivalent crack spacing parameter Sze:  

● For sections with no transverse reinforcement:   

 

 

𝑆𝑧: crack spacing parameter determined according to CSA S6-14 § 8.9.3.6   

ag: aggregate size (0 if 𝑓′𝑐> 70 MPa)  

 

● For sections that have at least minimum reinforcement is provided:  

𝑑𝑑𝑑  = 300 mm    

 

5. Determine the longitudinal strain of the centroid axis at the critical location: 

𝜀𝑥 =
𝑀𝑓 𝑑𝑣 + 𝑉𝑓 − 𝑉𝑝 + 0.5𝑁𝑓 − 𝐴𝑝𝑠𝐴𝑝𝑜⁄

2(𝐸𝑠𝐴𝑠 + 𝐸𝑝𝐴𝑝𝑠)
 

 

6. Determine the value β: 

 = [
0.4

(1 + 1500𝜀𝑥)
] [

1300

(1000 + 𝑆𝑧𝑒)
] 

 

7. Determine the angle of inclination θ: 

 = (29 + 7000𝜀𝑥) (0.88 +
𝑆𝑧𝑒

2500
) 
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8. Determine the shear resistance of the concrete components 𝑉𝑐: 

𝑉𝑐 = 
𝑐
√𝑓𝑐

′𝑏𝑣𝑑𝑣 

 

9. Determine the shear capacity needs to be provided by transverse reinforcement: 

𝑉𝑠𝑟𝑒𝑞 = 𝑉𝑓 − 𝑉𝑝 − 𝑉𝑐 

10. Determine the spacing of transverse reinforcements: 

𝑠𝑟𝑒𝑞 =


𝑠
𝐴𝑣𝑓𝑦𝑑𝑣𝑐𝑜𝑡

𝑉𝑠
 

 

11. Check if the transverse reinforcement meets the minimum requirement: 

𝐴𝑣𝑚𝑖𝑛 =
0.06√𝑓𝑐

′𝑏𝑣𝑠

𝑓𝑦
 

 

12. Check tensile capacity of longitudinal reinforcement: 

𝐹𝑙𝑡 = 𝑀𝑓 𝑑𝑣 + 0.5𝑁𝑓 + (𝑉𝑓 − 𝑉𝑝 − 𝑉𝑠⁄ )𝑐𝑜𝑡 

 

13. Repeat the step for the next location. 

 

8.4.5.2 AASHTO LRFD-14 [3] 

The AASHTO has a slightly different requirement regards to the shear design due to some 

reasons such as the unit differences. The overall design procedure is similar; however, 

the differences are listed as follow: 

 

1. The AASHTO requires shear reinforcement when: 

 

 

2. The minimum requirement of shear reinforcement: 
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𝐴𝑣𝑚𝑖𝑛 =
0.0316√𝑓𝑐

′𝑏𝑣𝑠

𝑓𝑦
 

 

3. The maximum shear reinforcement spacing allowed: 

● For 𝑉𝑢 < 0.125 𝑓′𝑐: 

 

 

● For 𝑉𝑢 ≥ 0.125 𝑓′𝑐: 

 

 

4. The equivalent crack spacing parameter Sxe: 

 

 

● Sxe needs to be greater than 12 inch and less than 80 inch 

 

5. The factor of 2 in the denominator is not present in AASHTO when determining the 

longitudinal strain: 

𝜀𝑠 =
(
|𝑀𝑓|
𝑑𝑣

+ 0.5𝑁𝑓 + |𝑉𝑓 − 𝑉𝑝| − 𝐴𝑝𝑠𝐴𝑝𝑜)

𝐸𝑠𝐴𝑠 + 𝐸𝑝𝐴𝑝𝑠
 

 

6. The angle of inclination and β value: 

 

 

For sections with no shear reinforcement:  

 

 



 
 

 
 

8-22 

 

For sections with at least shear reinforcement: 

 

 

7. The shear resistance provided by the concrete component: 

 

 

8.4.5.3 CSA S6-66 [4] 

CSA S6-66 refers “web reinforcement” as what currently called shear reinforcement. The 

design of web reinforcement in CSA S6-66 is very limited comparing to CSA S6-14. In 

CSA S6-66, the required web reinforcement area is defined by the following equation: 

 

 

8.5 Design of Reinforced Concrete Bridge Deck 

Concrete decks are used to directly support the traffic and transfer the traffic loads to the 

girders underneath. Therefore, bridge decks shall also be designed in concrete. However, 

the strength requirement is not as high as the girders and the columns. Therefore, the 

bridge deck will be only designed in reinforced concrete in this problem. 

 

8.5.1 Flexure Design 

The general design procedure is outlined as following: 
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A. Determine the design factored loads including the self-weight of the girders and 

the deck slab. 

B. Determine the bending moments in different directions based on the governing 

load combinations. 

C. Estimate a slab thickness h, for the first trial. 

D. Determine the effective depth. 

𝑑 = ℎ − 𝑐 −
𝑑𝑏𝑎𝑟

2
 

 

E. Determine the coefficient Kr 

𝐾𝑟 =
𝑀𝑟 × 106 𝑘𝑁 ⋅ 𝑚

𝑏 ⋅ 𝑑2
 

 

F. Determine the ratio based on Kr from Table 2.1 in CSA A23.3 according to a 

specified concrete strength. 

G. Determine the required reinforcement area Areq 

𝐴𝑠𝑟𝑒𝑞 = 𝜌𝑟𝑒𝑞𝑏𝑑 

 

H. Check the minimum reinforcement requirement 

𝐴𝑠𝑚𝑖𝑛 = 0.002𝑏ℎ 

where 𝐴𝑠𝑚𝑖𝑛 ≤ 𝐴𝑠𝑟𝑒𝑞 

I. Determine the reinforcement bar spacing 

𝑠 =
𝐴𝑏

𝐴𝑠
× 1000 

 

J. Check the spacing requirement 

𝑠 ≤ 𝑚𝑖𝑛 (1.5ℎ, 450) 

 

K. Select the size of reinforcement bar based on calculated 𝐴𝑠𝑟𝑒𝑞 

L. Check the moment resistance 

𝑀𝑟 ≥ 𝑀𝑓 
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𝑇𝑠 = 𝜙𝐴𝑠𝑓𝑦 

𝑀𝑟 = 𝑇𝑠 ⋅ (𝑑 −
𝑎

2
) 

𝑎 =
𝑇𝑠

𝛼1 ⋅ 𝑓′𝑐 ⋅ 𝑏
 

 

After determining the main reinforcement, other factors are also need to be considered. 

8.5.1.2 Transverse Reinforcement 

Near locations where the spacing, s, of the transverse reinforcement changes, the 

quantity Av/s may be assumed to vary linearly over a length, h, centred on the location 

where the spacing changes. 

 

For sections subjected to combined shear and torsion, the transverse reinforcement 

provided shall be at least equal to the sum of that required for shear and that required for 

the coexisting torsion. 

 

8.5.2 Crack Control 

Based on Section 8.12, CSA S6-14. The general crack control design is listed as following: 

 

8.5.2.1 Distribution Reinforcement 

a. Top shrinkage and temperature reinforcement 

The minimum area of shrinkage and temperature reinforcement in each face and in 

each direction shall be 500 mm2/m and the spacing of the bars shall not exceed 300 

mm. 

 

b. Bottom distribution reinforcement 

Bonded reinforcing bars shall be uniformly distributed within the tensile zone as close 

to the extreme tension fibre as cover and spacing requirements permit.  
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Where the overall depth of a beam exceeds 750 mm, longitudinal reinforcement with 

a total area not less than 0.01 bwd shall be evenly distributed over both faces of the 

web over a distance of 70% of the overall depth from the tension face, at a spacing of 

not more than 200 mm. The value of bw used to calculate the area of reinforcement 

need not be greater than 250 mm. This reinforcement maybe included in strength 

calculations if a strain compatibility analysis is conducted to determine the stresses in 

the individual bars. 

 

8.5.2.2 Crack Width 

The crack width calculation is referred as 𝑤 = 𝑘𝑏𝛽𝑐𝑠𝑟𝑚𝜀𝑠𝑚
   

Figure 8.12 Maximum Crack Width 

 

8.5.3 Design for Shear 

Based on CSA S6-14. The general shear design is listed as following: 
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8.5.3.1 Critical Sections 

In this situation, the critical section is the beam action.  

 

8.5.3.2 Shear Resistance 

The shear resistance shall be such that Vr is greater than Vf, where  

 

Assume that transverse reinforcement is perpendicular to the longitudinal axis. 

From CSA A23.3, 𝛽 for slabs with thickness not exceeding 350 mm shall be taken as 21° 

Here, Vr = Vc + Vs.  

 

8.5.4 Deflections 

Based on CSA S6-14. The general deflections design is listed as following: 

 

8.5.4.1 Simplified Method 

Deflections and rotations may be calculated by simplified method using the effective 

moment of inertia, Ie, as follows: 
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8.5.4.2 Total Deflection and Rotation 

For long term deflection and rotation for flexural non-prestressed components, a factor 

shall be applied for the instantaneous deflection and rotation: 

 

Where 𝜌′ shall be taken as the value at midspan for simple and continuous spans and at 

the support for cantilevers. The factor S for duration of sustained loads shall be taken as 

follows: 

(a) Three months: 1; 

(b) Six months: 1.2; 

(c) Twelve month: 1.4; 

(d) Five years or more: 2. 

If necessary, linear interpolation may be used for durations of less than 5 years. 

 

8.5.5 Design using AASHTO LRFD-14 

In AASHTO, two approaches can be utilized in the design of reinforced concrete deck 

slabs - traditional and empirical design method, which are based on different design 

assumptions. The assumption inherent in traditional approach is that the deck behaves 

as a continuous beam spanning across the girders acting as supports. Deck is designed 

as a series of strips perpendicular to the longitudinal girders. As for the empirical design 

method, the load is assumed to be resisted by the complex internal membrane stress 

state known as internal arch [10]. The code specifies the minimum amount of 

reinforcement per foot that must be provided in the top and bottom layer. The maximum 

spacing is also prescribed in the code. 

 

The design procedure for CSA S6-14 is applicable to the design using AASHTO LRFD-

14 thus is not restated in this section. The focuses are made on the different requirements 

specified in the AASHTO code. 
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8.5.5.1 Concrete Cover 

The minimum concrete cover requirement in AASHTO is stated in Figure 8.13. In general, 

for the top of the slab that can be potentially exposed to the de-icing agents, the concrete 

cover thickness should be at least 2.5 in (62.5 mm). For the bottom cover of the cast-in-

place slabs should be 1.0-2.0 in (25-50 mm) thick. 

 

Figure 8.13 Concrete Cover Requirement in AASHTO LRFD-14 [3] 

 

8.5.5.2 Reinforcement Design 

The basic reinforcement design for a concrete slab needs to satisfy the following clauses 

in the ASSHTO LRFD-14 code.      

1. Minimum spacing of reinforcing bars (§5.10.3.1): The clear distance between 

parallel bars shall be greater than 
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2. Maximum spacing requirements (§5.10.3.2):  

 

3. Amount of bottom slab reinforcement as a percentage of the primary reinforcement 

(§9.7.3.2):  

 

4. Minimum amount of creep and shrinkage reinforcement (§5.10.8):  

 

 

For the design of shear reinforcement in particular, the Simplified Procedure for non-

prestressed members (§5.8.3.4.1) is discussed below and used as the design tool for this 

project:  

 

 

Spacing requirements for steel reinforcement (if needed) were outlined below for the 

purpose of crack control (§5.7.3.4): 

 

where 𝛾𝑐 is the exposure factor 

1.0 for Class 1 exposure conditions 
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0.75 for Class 2 exposure conditions 

𝑑𝑐 is the thickness of concrete cover (in.) 

𝑓𝑠𝑠 is the tensile stress in steel reinforcement at service limit state (ksi) h is 

the overall deck thickness (in.) 

 

8.5.6 Design using CSA S6-66 

In terms of the calculation of shear reinforcement, CSA S6-66 uses the following equation 

to calculate the design value of shear force: 
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8.6 Conclusion 

This section summarizes the design procedure to be used for the detailed design of a 

bridge girder and deck. The overall procedure consists of choosing the cross section, 

specifying the material properties, the tendon profile, the required prestressing force, the 

required number of reinforcing bars, all with the construction consideration in mind. Once 

the detailed design is developed, the deflection of the member, its flexural and shear 

strength, the initial and final stress limits should be checked based on the corresponding 

design codes. The serviceability, fatigue, durability and ultimate limit states must all be 

satisfied under the respective extreme loading conditions. 
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9.0 Introduction 

This chapter emphasis on durability of the design. In section 9.1, the emphasis is on the 

material durability, and then look into the effects by the surrounding physically and 

chemically in section 9.2. In section 9.3, it will introduce the code with durable design and 

finally in section 9.4 with a bridge case study for durability. It is very essential for engineers 

to understand the importance of durability due to economical and safety reasons.  

 

9.1 Material Durability 

In order to create a durable design, it is essential for design engineers to understand the 

material thoroughly, such as its strength capacity would be sufficient for the design 

requirements. Concrete and reinforcement steel are the two major material used in the 

design of the bridge, in which both will be discuss thoroughly in the next couple sub-

section.    

 

9.1.1 Concrete 

First of all, it will start with concrete’s durability consideration by focusing on how each 

ingredient of the concrete mixed, the water cement ratio, admixture and curing of the 

concrete that all contribute to the strength capacity of the concrete. Since reinforcing 

steels would not have much to discuss on durability design perspective.  

 

9.1.1.1 Ingredients of the concrete mix 

Aggregate, cement, chemical additives and water are the ingredients for general 

contemporary concrete mix [1]. Each ingredient contributes to the strength of the concrete, 

which the engineers must understand the functionality of each material first, in order to 

create acceptable mixture for the design requirements.  
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9.1.1.1.1 Aggregate 

Aggregate is the major body of the concrete mix, since it is not only economical, also 

provides greater volume stability and better durability than cement alone [2]. The greater 

the area in contact with the cement paste, higher the strength of concrete will be, in which, 

the aggregates have rougher surfaces, crushed aggregates or smaller size aggregate will 

yield higher capacity than other types of the aggregate, however, there are exceptions [2]. 

This prove sufficiently for engineers to pay highly attention on picking which type of 

aggregates they are using for the design.  

9.1.1.1.2 Portland Cement 

Before mixing up ingredients for the concrete, there are many raw material for mixing 

Portland cement. Generally, the first step of mixing concrete is preparing the required 

Portland cement from different types of raw material such as limestone as Figure 9.1 

present [3].  

 

 

Figure 9.1 Example of raw materials for Portland cement[3] 

 

By using different combinations of mixing raw materials listing in Figure 9.1, there are 6 

major types of portland cement for unique usage, however, their differences in their 

compositions are very little [3]. These six types of portland cement are oftenly called 

“Ordinary Portland Cement”, OPC as Figure 9.2 below presented a clear representation 

on the characteristic and applications for each type [3]. 
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Figure 9.2 Ordinary Portland cement[3] 

 

9.1.1.1.3 Water 

Water plays a significant role of forming concrete, which is the processing of hydration, it 

glues the materials up and then hardening the mixtures, however, adding too much water 

will also produce significant problems as the Figure 9.3 states, the material property of 

the concrete will change, such as, decreasing compressive strength of the concrete, the 

resistance to cycles of freezing and thawing which would be discussed in the previous 

section, lower resistance to damage from chemicals that can be dissolved by water, 

decreases permeability and creates a higher chances of corroded the reinforcing steel 

bar inside the concrete[4].  
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Figure 9.3 Decreasing Strength in Concrete for additional water added [4] 

 

9.1.1.2 Mixture Design 

9.1.1.2.1 Water/Cement Ratio 

The water/cement ratio, known as w/c ratio is the ratio between weight of water and the 

weight of cement in a specific mixture of concrete. This ratio is very critical on affecting 

the strength capacity of the concrete as well as the workability of the material as the 

durability is correlated as stated in Figure 9.4. Generally, as w/c ratio increases, the 

permeability changes caused volume change of the concrete, and this could result in 

many problems [5]. It creates cracks, disintegration inside the concrete, which lower the 

durability of the concrete, as the figures below presented when the w/c% goes up, it 

rapidly increases its permeability that causes volume change in which lower the durability 

of the design[5]. For durable design, it will be better if w/c ratio is controlled in a certain 

level.  
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Figure 9.4 Relationship between w/c% and permeability [5] 

 

9.1.1.3 Admixture 

Admixture of the concrete is the material other than water, cement and aggregate that 

inside of the concrete mix [6]. There are two general types of admixture, one is the 

chemical admixture, and the other is the mineral admixture [6]. The following sub-section 

are providing some examples for these different function types that are increasing 

durability of the concrete.   

 

9.1.1.3.1 Chemical Admixture 

Air-Entraining Admixture: The effects on concrete that being air-entraining usually 

provide higher strength to the concrete. However, the most important characteristic for 

air-entraining concrete for durability design perspective is that it increases the workability 

of the concrete without increasing much in w/c ratio, in which would not increase the 

permeability of the concrete, resulted in volume changes and create  
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cracks that lower the durability of the design. Also, it provides resistant to freeze, increase 

cohesion and stability of extruded concrete [6].  

 

Super Plasticizers: Super plasticizer is a more effective type of water reducing admixture 

that can increase fluidity and reduce w/c ratio [6]. Usually, it adds sulphonated melamine 

formaldehyde condensates (SMF), Sulphonated naphthalene formaldehyde condensates 

(SNF) and Polycarboxylate ether superplasticizers (PCE)[6]. SMF could give 16 to 25 

percent water reduction, it loses workability quickly in high temperature, and it is 

suggested to provide good finish and it is colorless. SNF also give around 16 to 25 percent 

water reduction and cost efficient, despite it improves cohesion but tends to create air 

bubble on the surface. 

 

9.1.1.3.2 Mineral Admixture  

Ground Granulated Blast Furnace Slag(GGBFS): This is form when iron blast furnace 

slag drastically lower the temperature by putting into the water, it is highly cementitious 

and hydrates like Portland cement [6]. The benefits of using ground granulate blast 

furnace slag is indeed provide durability of the concrete, it provides protection against 

chemical effects on exposed concrete surface such as sulphate and chloride [6]. GGBFS 

also limiting rising temperature while pouring large amount of concrete, and generate less 

heat than Portland cement does [6].     

 

9.1.1.4 Curing 

Curing plays a significant role on providing durability towards concrete mix. This process 

of curing often taking place right after the concrete is finished, if the curing process is 

taking properly that would provide concrete with right amounts of water to continue 

hydration and increases of strength, as well as increase volume stability which will not 

create too much cracks and discontinuity inside the concrete, resistance to freezing and 

thawing which combine to increase durability of the concrete.  
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9.1.2 Reinforce steel  

Usually reinforcing steel would not be exposed in the environment, however, there are 

two general ways of effects by the surroundings could cause damage towards reinforce 

steel such as corrosion which will be mention in section 9.3.2. The next section is going 

to emphasis on each types of external effects towards durability on the reinforcing 

concrete as one material.  

 

9.2 External Effects  

In the previous section, the emphasis of providing more durable design through solving 

the problem internally, which is look at the material properties and how each ingredient 

interacts. In this section, the emphasis would turn into the problem that designer need to 

be facing while durable design is needed. There are two major types of affect toward 

durability which are physical effects and chemical effects. The following subsection will 

discuss these in details.  

 

9.2.1 Physical Effects 

The physical effects discussed in this section include the freeze and thaw, and abrasion. 

Both of them have significant impact to the durability of concrete material. 

 

9.2.1.1 Freeze and thaw 

The effects on freeze and thaw action towards concrete is create random cracking. The 

reason behind of cracking is because when the concrete is saturated, which means more 

than 91% of the pores of the concrete are filled with water, when the water inside the 

concrete freezes, the volume of the concrete expands roughly 9% while volume change 

internally was not possible, it creates cracks on the surface. As stated in Figure 9.5. 

Furthermore, this mean that when the w/c ratio of the concrete is high, it would have 

higher chances the cracks occurs which lower the durability of the design [7].  
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In order to protect from deterioration from freeze and thaw action of the concrete, air-

entraining could be one of the solution since it keep w/c ratio low enough while having 

the air bubble created and relieve pressure by ice-forming and decreasing the chance of 

cracking[8].   

 

Figure 9.5 Diagram of concrete under freeze and thaw [7] 

 

9.2.1.2 Abrasion 

Abrasion is caused by the friction forces between the surface of the concrete and anything 

may cause friction force upon, in most cases, vehicles as Figure 9.6 presented [8]. The 

damage caused by abrasion is because the concrete’s surface unable to resist much 

more forces and the aggregate inside the concrete will be exposed. This result the 

concrete durability decreases, and need a lot more to repair it.   

 

In order to protect from abrasion damage, it can be done by increase the concrete 

strength due to the fact that abrasion has a positive correlation with compressive strength 

of the concrete [8]. 
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Figure 9.6 Diagram of concrete under abrasion damage[8] 

 

9.2.2 Chemical Effects 

For most cases, well cured concrete are generally good towards different types of 

chemicals, however under many severe weather conditions and mankind activities, there 

are many challenges for maintaining the concrete due to different type of chemical effects. 

The following subsection will discuss them thoroughly.   

 

9.2.2.1 Acids 

Acids generally comes from acids rain in environmental standpoint. It dissolves CO2 or 

SO2 from the atmosphere and since Portland cement are not resistance towards acid, it 

may remove part of it and causes durability to decrease [9]. Acids could also be industrial 

wastes and biological wastes [9].  

 

In order to protect from damaging of concrete from acids, concrete has to mixed with 

chemical resistance cement and cured properly as well as adequate covers in order to 

make the concrete durable[9].  
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9.2.2.2 Corrosions on reinforce steel 

In order for corrosions to happen, there must be three elements that have to exist in a 

system which are that at least two metal at different energy system, an electrolyte and a 

metallic connection [10]. In reinforce concrete, the steel bar act as the metals with different 

energy as well as metallic connection while the concrete act as an electrolyte as the 

diagrams below shows how the corrections is done[10].   

 

 

Figure 9.7 Diagram of corrosion chemical reaction [10] 
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Figure 9.8 Diagram of corrosion chemical reactions and explanations [10] 

 

From Figure 9.7 and 9.8, corrosion could not happen if there is no sufficient amount of 

water for the reactions to kick in, also, if the concrete is under the water, then there will 

not be enough oxygen for the reactions as well. However, carbonation is also caused 

corrosion due to reduction in alkalinity of the concrete.  

 

There are many ways to prevent or protect the reinforcing steel from corrosion.  The first 

way is called metallurgical methods, it is done by altering the characteristic of the steel 

bar by quenching rapidly through serious of water jets. The second method is through 

using corrosion inhibitors to prevent or delayed reactions above by mixing some other 

chemicals in the concrete mix. The third method is called galvanizing of reinforcement, it 

basically creates a layer by reacting zinc and Ca(OH)2 in the concrete to prevent 

corrosion.  

 

Chloride: Chloride attacks have to be protected during and after the construction stage[9]. 

As high concentration of chloride could also cause corrosion on reinforcing bar, and it is 

one of the major reason.  
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Salts: In Canada, salts are constantly spreading on the road for melting ice for traffic. Salt 

damage should be the one that have to be aware of due to the necessary de-icing on the 

roadway for safety purposes. The mechanism behind the salt attack is that it will lower 

the pH level of the concrete, by a process name carbonation, that weakening by reacting 

with the aggregate inside which increase the pore sizes for excess water and chemical to 

flow in into cause freeze and thaw action as discussed in section 9.2.1 [9]. In order to 

prevent the damage from salts, designers have to make sure the concrete is in good 

quality through mixing to curing. Always remember the salt only melt the ice instead of 

making it disappear, the salty water should be removed as soon as possible. Finally, get 

a concrete treatment by preventing concrete absorb any unnecessary water to cause 

durability to decrease [11].    

 

Sulfate: Sulfate is often found in the nature soil, ammonium sulfate particularly [10]. The 

diagram below provides every information on how the sulfate attack on concrete from 

chemical reactions and explanations [10]. 
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Figure 9.9 Diagram of chemical reactions and explanations for sulfate attack[10] 

 

In order to control the sulfate attack, there are three ways to do so. The first method is 

straightforward, which is using sulphate resisting cement in the mix of the concrete[10]. 

The second method is paying attentions on the quality of the concrete that can encounter 

the sulfate attack by better curing such as high pressure steam curing to encounter sulfate 

attacks [10]. Last method would be air-entrainment, which is discussed in section 

9.1.1.3.1, it would reduce segregation and improve workability of the concrete, and more 

importantly, reduce permeability of concrete to increase durability while encounter sulfate 

attacks[10]. 

 

 

 



 
 

 
 

9-16 

 

9.3 Design for Durability in S6-14 

This section provides details information about durability design regarding to S6-14. 

 

9.3.1 Introduction 

This section specifies requirements for durability that need to be considered during the 

design process in addition to this Code’s requirements for strength and serviceability. 

 

9.3.2 Definitions of Terms 

The following terms will be used in this section. 

Design life: a period of time specified by the owner during which a structure is intended 

to remain in service. 

Durability: The capability of a component, product, or structure to maintain its function 

throughout a period of time with appropriate maintenance. 

Predicted service life: An estimated period of time for the service life based on actual 

construction data, condition surveys, environmental characterization, or experience. 

Service life: The actual period of time during which a structure performs its design 

function without unforeseen costs for maintenance and repair. 

 

9.3.3 Design for Durability 

This subsection provides durability design in details.  

 

9.3.3.1 General Requirements 

The design shall ensure the structure will be able to maintain its level of serviceability 

during its design life. The design shall consider the environmental conditions in relation 

to the possible mechanisms of deterioration in structure based on the site investigation 

including testing of soils, groundwater, local runoff water, atmospheric pollution levels, 

and drainage system if applicable. Therefore, the structural form, material and details 

shall be suitable for the design loads and environmental conditions. 
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9.3.3.2 Bearing seats 

Bearing seats shall be designed to prevent the contact with de-icing salts, salt-laden water 

runoff, leakage, and debris. The surface around and between bearing seats shall be 

sloped so that they are self-draining away from the bearings. 

 

9.3.3.3 Bridge Joints 

The typical bridge joints discussed in this section includes expansion joints and fixed 

joints that are in the deck, and other joints in abutment, retaining wall and buried 

substructure. 

 

9.3.3.3.1 Expansion and/ or fixed joints in decks 

Wherever practical, expansion and/or fixed joints in decks shall be avoided or placed in 

the approach pavements. Where expansion joints cannot be avoided, they shall be 

detailed to prevent damage to components of the structure from water, de-icing salts, 

chemicals, and roadway debris. 

● End floor beams and end diaphragms under expansion joints shall be arranged to 

permit coating and future maintenance of surfaces that are exposed to surface 

runoff. 

● The end diaphragms of box girders shall be detailed to prevent ingress of water 

into the boxes. 

● The end diaphragms of slab-on-girder bridges shall be detailed to prevent water 

from expansion joints travelling along girders. 

9.3.3.3.2 Joints in abutments, retaining walls, and buried structures 

● All joints shall be sealed at the surface. 
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9.3.3.4 Drainage 

Bridge deck drainage of roadway shall be achieved by providing a minimum 2% 

transverse crossfall and by providing a minimum longitudinal grade of 0.5%, except where, 

for limited lengths, vertical curves or superelevation transitions preclude this. 

 

The spacing and capacity of bridge deck drains established by hydraulic design and 

testing shall be sufficient to ensure that a 10-year design storm the runoff flowing in the 

swale or gutter will not encroach more than 1.5 m onto the traffic lane. Bridge deck drain 

inlets shall be provided only where this requirement would otherwise not be met. 

 

When flat grades or sag curves are unavoidable, additional drainage shall be considered 

as a means of reducing local ponding. 

 

Downspouts for deck drains shall be located in such a way that runoff water is discharged 

away from any part of the bridge. Downspouts shall extend at least 150mm below 

adjacent members. Wherever practical, deck drains shall not pass through the box girders. 

 

Box girders shall be made watertight at their ends and adequately drained so as to reduce 

the potential for moisture entrapment and accelerated corrosion. 

 

Pockets and depressions that could retain water shall have effective drain holes or an 

alternative means of drainage. 

 

Measures shall be taken to prevent erosion from the discharge of drainage water. 

 

9.3.3.5 Utilities 

All permanent iron and steel utility supports, fittings, and accessories shall be coated or 

galvanized. Utility supports shall be designed to prevent stray electrical currents between 

the structure and the utility supports. 
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9.3.3.6 Construction 

The quality of the materials, placement procedures, and construction details shall be 

specified on the plans. The testing and acceptance methods required at the site for quality 

assurance of materials and construction shall be specified in the Plans. 

 

9.3.3.7 Waterproofing membrane 

Waterproofing membranes shall prevent the ingress of water and shall not crack during 

their service life. Only Approved waterproofing membranes shall be specified. 

  

When a hot applied rubberized asphalt waterproofing membrane is used, it shall be 

protected with an asphalt-impregnated protection board to prevent it from being punctured. 

The membrane shall terminate in a chase in the curb of barrier wall. 

 

The top surfaces of a waterproofing membrane shall be drained to prevent ponding of 

water on the membrane. 

 

9.3.3.8 Structural Materials 

As the bridge shall be designed in prestressed concrete, this part will focus on the 

properties of concrete. In addition to CSA S6-14, CSA A23.1 is also consulted as the 

specific concrete design requirements. The following part detailedly explains the specific 

requirements for concrete. 

 

9.3.4 Protective Measures 

This subsection provides protective measures in details by introduce concrete quality, 

concrete cover and tolerances.  
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9.3.4.1 Concrete Quality 

The following sector discussed concrete’s characteristic in detail. 

 

9.3.4.1.1 General 

The maximum water to cement ratio by mass requirements for structural concrete shall 

be as specified in Table 8.4 in CSA S6-14. For structural concrete not covered in Table 

8.4, the maximum water to cement ratio shall be 0.5 unless otherwise approved. 

 

9.3.4.1.2 Concrete Composition 

The concrete composition shall be such that the concrete 
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A. Satisfies all specified performance criteria; 

B. Contains durable materials; 

C. Can be placed, compacted, and cured to form a dense cover to reinforcement; 

D. Is free of harmful internal reactions, e.g., alkali-aggregate reactions; 

E. Withstands the actions of freezing and thawing, including the effects of de-icing 

salts; 

F. Withstands external exposures, e.g., weathering, gased, liquids, and soil; 

G. Withstands mechanical attacks, e.g., abrasion. 

 

9.3.4.1.3 Compaction 

The methods used for mixing, placing, and compacting the fresh concrete shall be shown 

on the Plans to ensure that: 

A. The constituents are distributed uniformly in the mixture; 

B. The concrete is well consolidated; and 

C. The reinforcement, pre-tensioning strands, and post-tensioning ducts are not 

damaged by vibrating operations. 

 

9.3.4.1.4 Cold Joints 

The concrete surface at a cold joint shall be rough cleaned, abrasive blast cleaned, or 

both. Coated bars at cold joints shall be protected during abrasive blast cleaning. 

 

9.3.4.1.5 Exposure to chlorides 

Chlorides shall not be added to fresh concrete and the concrete components shall not be 

exposed to chlorides until the concrete has attained the specified minimum strength. 
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9.3.4.2 Concrete Cover and Tolerances 

The minimum concrete cover and tolerances for steel reinforcement, pretensioning 

strands, and post-tensioning ducts shall not be less than the values specified in Table 8.5 

in CSA S6-14 for applicable environmental exposure. 
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9.3.4.2 Corrosion Protection for Reinforcement, ducts, and metallic components 

Unless otherwise approved, steel reinforcement, anchorages, and mechanical 

connections specified for use within 75 mm of a surface exposed to moisture containing 

de-icing chemicals shall have an approved protective coating, be protected by other 

approved methods of corrosion protection or prevention, or be of non-corrosive materials. 

Sheaths for internal post-tensioning ducts specified for use within 100 mm of a surface 

subject to moisture containing de-icing chemicals shall be made of non-corroding 

materials or with an approved coating. The ends of pretensioning strands shall be 

protected by approved methods when they are not encased in concrete. 

9.3.4.3 Sulphate-resistant cements 

Sulphate-resistant cement shall be specified for concrete in deep foundation units, 

footings, buried structures made of reinforced concrete, or other substructure 

components exposed to soils or water to an extent sufficient to cause a strong sulphate 

attack on concrete. Protection against sulphate attack shall be in accordance with CSA 

A23.1 

9.3.4.4 Alkali-reactive aggregates 

Aggregates for concrete shall be tested for susceptibility to alkali aggregate reaction. The 

evaluation and use of aggregates susceptible to alkali aggregate reaction shall be in 

accordance with CSA A23.1 and CSA A23.2-27A 

 

9.4 Design for Durability in CSA A23.1 

CSA A23.1 specified different classes of exposure, and different concrete compositions 

for different exposures. 

The following parameters are determined in this section. 

A. The highest minimum compressive strength 

B. The lowest maximum water to cement ratio 

C. The highest range in air content 

D. The most stringent cement type requirement of exposure conditions considered. 
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Other requirements are mostly briefly included in CSA S6-14. 

 

9.5 Case Study of Confederation Bridge 

The Confederation Bridge is the world’s longest bridge over ice-covered water. It was 

designed to last 100 years. Because of its phenomenal length, the Confederation Bridge 

uses a multi-span concrete box girder structure. This bridge consists of 3 parts: a 1.3 km 

West Approach Bridge leaving New Brunswick’s Jourimain Island, over 14 piers; a 0.6 

km East Approach Bridge leaving Borden-Carleton, Prince Edward Island, over 7 piers; 

and the 11 km Main Bridge which joins the approach bridges, resting on 44 piers. 
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Figure 9.10 The Confederation Bridge on Iced Water.[12] 

 

9.5.1 Durability Design 

The following section includes specific design criteria that the case has particularly 

focusing on based on the environmental condition. 

 

9.5.1.1 Ice Load 

Every winter, ice ridges and rafts will generate high loads on the piers as well as cause 

significant abrasion damage to the piers. As a result, the concrete piers were designed to 

resist 30 MN of force. While the 10,000-year design load is only 23.4 MN. Therefore, the 

concrete piers are capable to resist the ice load during winters. 
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Figure 9.11 Concrete Pier Details [13] 

 

As shown in the Figure 9.11, to mitigate shear loads and cause the ice to fail in flexure 

the piers were designed to be conical in shape for the area 4 m below and 2.6 m above 

the mean sea level. They were designed with a slope of 52 degree, which is based on 

scientific calculations. 

 

 

 

9.5.1.2 Ice Shield 

The steel formworks were left around the concrete piers acting like a shield at the surface 

of concrete. Since the roughness of concrete surfaces can introduce quite significant 

surface friction which will remove the concrete surface and let the aggregate exposing to 

the air, theoretically the ice shields could significantly reduce the friction. 
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However, as water that was trapped between the pier and shield froze it would expand, 

this expansion could lead to local deformations in steel. Also, the cathodic protection used 

to protect the steel from corrosion was not effective in some areas. Ice shields would be 

considered a failure in durability design [13]. 

 

Figure 9.13 The corrosion of ice shield. 

 

9.5.1.3 Concrete 

The concrete material used in this bridge also helps the durability design to some extent. 

High strength concrete material was used.  

 

For the pier foundations, Class C concrete in CSA A23.1 was used. This type of concrete 

is mixed by 32% fly ash. The minimum strength for 28 days is 30 MPa, and that for 90 

days is 40 MPa.  
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For the main piers and T beams, Class A concrete was used. This concrete’s minimum 

strength is 55 MPa, and the maximum chloride permeability of 1000 coulombs. Both 

concrete was made with 7.5% silica fume [14]. 

 

9.6 Conclusion 

This chapter examine every aspect in durability design through material characteristic of 

concrete mixes to external effects by the surrounding physically and chemically as well 

as the solution to prevent or protect from those attacks. Most importantly, codes that 

engineers should follow for durable designs from S6 14 and a bridge case study that can 

withstand 100 years for being a reference since maintenances and rebuild would not only 

cause the economic problems, it could also a deadly safety issues.  
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10.1 Introduction 

In this chapter, the emphasis will be on the construction issues in the actual constructing 

field. It contains information in section 10.2 about construction safety which is the primarily 

concern in any site, and in section 10.3, it contains information on actual condition and 

schedule of the site. Furthermore, in section 10.4 has the information on quality control 

of the material with concluding with construction budgets in section 10.5.  

 

10.2 Construction Safety 

Construction safety should always be considered primarily in any construction site, and it 

is essential for government to provide bylaws and standards for such a danger workplace. 

According to U.S. Department of Labor, the fatal injury rate for the construction industry 

is the highest among all industries in the country [1]. It is necessary for the site manager 

and workers to understand the basic necessity while the person is within the construction 

area, be aware of the surrounding and provide signals and posters for reminder during 

the working period due to variety of potential hazards that may occur in the construction 

sites during the working period such as, fall from height, trench and scaffold collapse and 

failure to use proper personal protective equipment [1].  

 

10.2.1 Occupational Health and Safety Act, R.S.O. 1990, c. O.1 [2] 

Occupational Health and Safety Act, also known as OHSA, it contains every detail 

information relate to construction safety. The document contains ten parts. First part of 

the document is application, which listed who is required for following every single 

requirement in this code. Second part contains two sub-sections, as the first half is about 

the administration which listed who is responsible for the action in the field as well as the 

power that the authority has to do certain action if the requirements is not met, as the 

second half includes information about prevention council and its function and power in 

the field in this industry. Part three contains duties of employers and other requirements 

such as duties of license, as well as codes of practice. Part four includes information and 

standards for toxic substance. Part five is one of the key rule, which is the right to refuse 
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or to stop work where health or safety in danger. Part six contains information on notices, 

part seven is about enforcement on inspectors. Part nine have all the penalties and 

offences listed as part ten concluded with regulation. This documentation should be well 

known and familiar for anyone who may be involved in the construction industry.  

 

10.2.2 Workplace Hazardous Materials Information System 2015 

Workplace Hazardous Materials Information System 2015, also known as WHMIS 2015 

is the newest update since WHMIS 1988 came out[3]. Despite some minor changes in 

the documentation, the fundamental idea have not been change in the past 20 years, 

which is the roles and responsibilities for the person involved in the industry such as 

supplier, worker and supervisors/employers[3]. Suppliers who define as a person or 

business that sell or import a hazardous product need to clarify whether the product is 

hazard or not, also, prepare labels and SDSs for workers in workplace to realize the 

dangerous of the material[3]. Employers who needs to ensure the hazardous material 

properly labelled and SDSs as well as appropriate control measures, and keep educate 

and train workers on the hazard and safe use for the product[3]. Workers need to take 

necessary steps to protect themselves as part five in OHSA Ontario, which is the right to 

refuse or to stop work where health or safety in danger, also, participate in WHMIS and 

chemical safety training program[3]. 
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10.2.3 Construction Safety Signals  

The construction safety signs is required in any construction area as a reminder for any 

people who may be influenced by the construction area includes safety and/or health sign, 

the signboard which provide information or instruction by a combination of shape or health 

at workplace, safety colour, symbol or pictogram, illuminated sign, acoustic signal, verbal 

communication, hand signal and fire safety symbol [4]. These construction safety signals 

should be clear to visualize and understand, the signs are differentiated by four different 

colors, which are red, yellow, blue and green [5]. As the red color signs are related to 

prohibition about certain action and yellow represent hazard, while the blue give 

instruction that is mandatory as the green color sign often provide information about safe 

conditions, which is what Figure 10.1 to Figure 10.4 indicates [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

10-5 

 

  

Figure 10.1 Examples of prohibition signs [5] 

 

Figure 10.2 Examples of hazard signs [5] 
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Figure 10.3 Examples of safe condition signs [5] 

 

Figure 10.4 Examples of mandatory signs [5] 
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10.2.4 Personal Protective Equipment  

Personal protective equipment also known as PPE, is the required equipment to minimize 

the exposure to hazard for anyone within the construction area [6]. PPE includes 

equipment such as gloves, safety glasses, safety shoes and hard hat etc. as Figure 10.5 

indicates[6][7]. PPE should be properly design by the supplier and wear properly by who 

may consider be in the construction workplace to minimize potential hazards in the site, 

however, also be aware due to the limitation of PPE, and know its function and use it to 

make sure safety is the primarily concern. Finally, the equipment must in proper care and 

maintenance until it needs to be disposable and need to have a replacement [6].   

 

 

 

Figure 10.5 Examples of Personal protective equipments [7] 
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10.3 Site and Schedule 

In this section, it provides information on site and schedule such as preparation of the 

construction site, land preparation and quality control.  

 

10.3.1 Preparation of the Construction Site 

Before construction starts, some necessary preparations have to be done. For example, 

land use and planning must be investigated. 

 

10.3.1.1 Land Preparation 

Before construction starts, the site has to be properly surveyed. First, the elevation of 

benchmark needs to be determined. A detailed planning of future land use must be made 

including the place for storage, the place for equipment parking, the place for waste 

materials. 

 

Then an environment impact assessment should be conducted in order to reduce the 

environmental pollutions, noise reduction and other safety measures. Furthermore, the 

traffic impact has to be considered such as road closure control. After all of them is 

finished, the equipment and materials can be delivered to the site. 

 

10.3.1.2 Storage Control 

Everything on site must be well stored properly. An optimal amount of material should be 

left on site to reduce the storage cost while keeping the entire project on schedule.  

 

Excessive amount of material will increase the storage cost, which may exceed the 

budget.  
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Moreover, the storage has to protect the materials from being damaged or deteriorated. 

For example, the steel needs to be protected from corrosion. Also, pre-cast girders cannot 

be stacked in order to avoid causing any unnecessary damages. 

In addition, the layout of the storage should be easily accessible. For large materials, they 

have to be placed in where the equipment like tower crane is accessible. For frequently 

used materials, they have to be placed the most outer side of the place. 

  

10.3.1.3 Schedule 

As indicated in the previous section, the scheduling of material transportation is important. 

Scheduling other procedures is also important in the entire project. For example, when 

waiting for concrete curing, new formwork can be built in order to reduce the total 

construction time. If all activities could be optimized, the total construction duration will be 

decreased dramatically. In a word, the total construction site should be multitask oriented. 

  

10.4 Quality Control 

Quality control ensures the bridge and service comply with all the requirements. Quality 

control is critical to the entire project as the only condition for the construction successfully 

delivers the entire engineering design is the quality of construction meets all the standards. 

Quality control includes many aspects such as quality of material and quality of geometry. 

Generally the project manager and the supervising team are responsible for the quality 

of construction. 
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10.4.1 Method of Quality Control 

There are a few methods to perform quality control. One way is based on inspection and 

verification of completed work. Other methods include statistical methods, sampling by 

attributes, etc. 

 

10.4.2 Quality Control of Materials 

In this section, the emphasis will be on introducing the quality control of concrete and 

reinforcing steel since they are the most common material used as stated in Chapter 3.  

 

10.4.2.1 Concrete 

As a key component of the entire bridge, the quality of concrete is important. For the 

original materials such as cement and aggregates, sampling and statistical methods are 

commonly used to determine if the imported original material meets the specification. 

Usually ASTM is used for checking the acceptability of the materials. Generally the 

following needs to draw attention. 

 

● It is necessary to set up an on-site laboratory for brief concrete testing such as 

slump test.  Meanwhile, off-site experiments such as split tensile test and 

compressive test may be used for some unusual circumstances. For readily mix 

concrete, usually the following parameters are tested: slump test, temperature, 

bulk density and yield, pressure method, volumetric method [8].  
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Figure 10.6 Slump Test [10]. 
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Figure 10.7 Compressive Strength Test [11]. 
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● During the casting stage, shovels rakes or vibrationary equipment should be used 

to ensure no air pockets. After that, concrete needs to be levelled off and smoothed. 

● After casting of concrete, curing of concrete must be done in appropriate ways 

strictly following relevant codes or design specification. Generally the overall curing 

process is 28 days. In the first 48 hours, the moisture must be maintained to ensure 

the hydration reaction happens. If it is in cold weather, maintaining temperature is 

necessary to prevent any cracks. 

● In extreme weather, concrete needs to be well protected to prevent thermal and 

other adverse effects 

● Original materials must be well stored to prevent any corrosions such as sulphate 

attack. 

● For precast girders, the license of manufacturing company must be strictly checked. 

Non-destructive tests are required before delivering them to site. 

 

10.4.2.2 Steel Reinforcement 

● The strength of prefabricated steel bars have to be tested via statistical method. 

● The steel must be protected from corrosion. 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

10-14 

 

10.4.3 Quality of Geometry 

In order to correctly express the whole engineering design, every dimension must be 

accurately presented. For precast materials, dimension remeasuring is necessary before 

implementation.  

10.4.3.1 Formwork Design 

Formwork plays an important role to ensure the dimensions. In general, concrete 

formwork is made of wood, metal or plastic, and is generally in the exact dimension that 

is required. Also, it is important for the formwork that it can resist any wind load, 

hydrostatic load or other lateral loads. The deformation of the formwork should be tiny to 

ensure the dimension after the casting of concrete. 

 

Figure 10.8 Formwork Design [9]. 
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10.5 Budget 

Before the construction starts, all expenses should be well estimated incorporating 

material cost, labor cost, equipment cost and all potential costs. The contractor should 

not significantly increase the expense excluding necessary changes to the plan. However, 

the contractor are not permitted to reduce the quality of work to reach higher profits. 

 

10.6 Conclusion 

Construction safety should always be essentially considered in the construction site due 

to its dangerous working environment. Also, proper quality control and budget control will 

ensure the site scheduling smoothly followed as planned and without a doubt of a double 

wins on both the contractor and the owner.    
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11.0 Introduction 

In this final chapter, the emphasis will be on Plant Life Management (PLiM), a strategy 

often used in planning life cycle for nuclear plants in many different countries to ensure 

the serviceability of the plant due to public safety. Similarly, engineers could utilize the 

same methodology of the Plant Life Management into bridge design to optimize design 

durability, serviceability and financial budget in the long run. In section 11.1, it will 

introduce what PLiM contains and requires to check, also will be break down into details 

in section 11.2 for design requirements and Ageing Management Program (AMP) in 

section 11.3. Three flow charts for PLiM will also be presented in the end of the chapter.  

 

11.1 Plant Life Management (PLiM) 

Plant Life Management (PLiM) is a time dependent strategic method involve inspection 

and provide maintenance if necessary through the design phase to post-construction 

phase by ensure the structure design and the material used are durable enough to meet 

minimum requirement or expectation while all the variable deteriorate through ageing[1]. 

There are three major factor being considered in Plant Life Management, the structure 

design, material selection and Ageing Management Program as the diagram present. 

 

Figure 11.1 Plant Life Management time dependent key factors [1][2] 
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11.2 Design Requirements [2] 

There are two major components being considered in design requirement, which are the 

structure design and durability design that both affected by the selection of the material 

used in the design. As both processes being mentioned in the previous chapters that 

contributed significantly on whether the design is designed appropriately and adequately 

to construct for service in reasonable period of time for financial budgeting. However, 

variables in design requirements could be time independent or dependent which create 

a design loop for reaching appropriate final design as the clients needed. The general 

methodology is presented in the diagram below [Figure 11.2]. 
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Figure 11.2 Design Requirement [2] 

 

11.2.1 Structural Design variables [2] 

Finalize a conceptual design is the first step of a design process as stated in Chapter 6 

as material selection and geometric property have been initially chosen during the 

process by following the respected codes such as the CSA and AASHTO. Once the 

geometric property is confirmed, structure analysis is required for characterize the design 

behaviours under loads combination recommended by the respected code, which leads 

to structural design. Once the structural design can withstand loads from respected code, 

this means the design is adequate for construction, or else, the design process should be 

restart in the structural model phase as the following diagram from chapter 7 shown. This 
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is a time-independent variable and will be updated if the structural model been change 

due to other reasons such as durability or other time-dependent variables.  

 

Figure 11.3 Process of Structural Analysis 

 

In order to do structure analysis, there is many required inputs such as the overall 

geometric of the structure, the selected material properties, applied loads given by the 

respected codes and boundary conditions stated in Chapter 7 followed by three-stages 

modelling methodology with pre-processing, processing and post-processing to make 

sure the result getting from different programs is accurate. SAP2000 is a powerful and 

efficient tool to use for calculating and providing required information for designer to make 

reasonable judgement and minor adjustment towards inputs for the design. All of the 

variables provide current information to the strength and serviceability of the design, but 

ignore the durability and aging of the structure which will be discuss in the next section.      
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11.2.2 Durability Design variables [2] 

Durability design has been introduced in Chapter 9 thoroughly since it is one of the 

essential design process for any design due to financial and safety concerns. Once the 

structural design is temporarily decided, the detailed design should also follow the code 

contains durability design and upgrades any necessary changes in structural model and 

repeat the steps in section 11.2.1. In the most ideal circumstances, engineers are be able 

to forecast all the factors that could deteriorate the structure, and design the structure’s 

service life based on combination of element’s decaying performances in the structure 

and the environmental conditions around that could still meet minimum requirement in the 

end of the structure. All of these information will be gather in this and the previous section 

and form a diagram as Figure 11.2.2 below as an example. Durability design process is 

happening during pre-construction phase. 

 

 

 

Figure 11.4 Structure and Durability Performance Chart [2] 
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Engineers have to understand the material deeply enough in order to do durability design. 

Concrete and steel are the most primary material used in the modern society, which 

master both characteristic could help improve engineering judgement on whether the 

material used in the design, the mixture of the concrete, the potential problems that by 

using these material, the strength capacity and weaknesses on both material. For 

example, there are many different types of mixture and admixture added for concrete mix 

due to design environmental condition which encounter the physical and chemical effects 

that the concrete and reinforced steel may been affected. There are codes refer to 

durability design that engineers must followed to meet the minimum requirements.  

 

In section 11.2.1 to 11.2.2, the emphasis is variables that affect the pre-construction stage 

which is very important, but can be easily revise and adjust. In the next section, the focus 

will be on the variables during construction phase.    

 

11.2.3 Construction Phase Variables  

During the construction phase of the design, there could not be any performance boost 

under construction due to imperfection in the practical world since it is impossible to be 

exactly the same as the drawings provided by the designer who calculated the results 

perfectly through aids from different programming and experimental engineering 

judgement. Designers have to planned ahead and allow certain margin of errors for 

practical reason, primarily preparing for maintenances in the post-construction phase 

 

11.2.3.1 Quality Control 

Transporting material and storage material on site are the two primary reasons that the 

material could be damage and under-perform as it should not be, which precaution must 

be taken. As in previous chapters stated that material properties play a huge role on both 

strength and durability of the design which may results in design failure if quality of the 

material have not been taken care of.  
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Due to importance of the material, whoever in charge in the site have the responsibility to 

check the performances of the delivered materials. There are several tests to determine 

the quality of the material, primarily to concrete. The first test is an on-site type called 

slump test as stated in Chapter 10 and presented below. Also, other parameters such as 

temperature, bulk density and yield could be checked as well.  

    

Figure 10.6 Slump Test [3]. 

 

11.2.3.2 Practical Constraints 

During construction phase, there must be plenty of issues due to variety of reasons, 

however, in order to lower the difficulty of maintenances in the post-construction phase, 
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construction team has to make sure maintenances in most part of the structure is doable 

and should not be highly budgets if there are irregular events such as tornadoes and 

strong earthquakes.    

 

11.3 Ageing Management Program (AMP) [2] 

Ageing Management Program is an important phase after construction. Generally an 

Ageing Management Program (AMP) is being developed for the containment structure. 

An AMP is designed to ensure the continuous safe operations of the structure during its 

service life. As different sites have different environment, a customized AMP shall be 

designed for each specific project. 
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Figure 11.3.1 Overview of AMP. 
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11.3.1 Deterioration Mechanism 

Generally, deterioration can occur at any time during the service life, both reinforcement 

and concrete. It is also evident that the different deterioration mechanisms do not 

necessarily start at the same time [3]. All of the detailed deterioration mechanism is fully 

explained in Chapter 9. Also the rate of deterioration is influenced by the cause of the 

degradation mechanism. Some mechanism such as carbonation degrades the structure 

very slowly, but before the hardening of concrete. Meanwhile some other mechanisms 

occur much later than carbonation but more quickly. Understanding the mechanisms is 

essential to design for AMP. 

 

 

Figure 11.3.2 Different Deterioration Mechanisms [3]. 
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11.3.2 Evaluation Methodology [2] 

Evaluation of deterioration is significant for AMP. The methodology adapted from ACI 

Committee is used as a baseline for containment structure. The techniques of evaluation 

include visual inspection, non-destructive testing and destructive testing and analytical 

methods. Detailed techniques will be discussed below. 

 

11.3.2.1 Visual Inspection of Structure 

A visual inspection is usually completed by an experienced professional engineer. This is 

the most convenient method that is easy and fast. If there are some external defects 

appearing such as concrete cracks or material falling off, the strength of the material could 

be roughly estimated according to the level of defection. However, the degree of accuracy 

highly depends on the experience of the inspector. Also, this is a method that can only 

detect external issues. It is impossible to detect some internal microcracks, which are 

strongly related to the performance of the material [2]. 

 

11.3.2.2 Non-Destructive Testing 

Non-Destructive Testing is to evaluate the strength and other properties of the material. 

This is a more complicated but more accurate method comparing to visual inspection. 

Usually several parameters in the test will indicate the level of performance. The most 

common Non-Destructive Tests include rebound hammer test, vibration test and 

penetration which can be applied directly onsite. Other techniques which requires large 

equipment include X-rays, acoustic emissions, etc. 

Non-Destructive Testing is very effective to achieve the following goals: 

● Determine the concrete strength 

● Determine the locations of defects 

● Assess the condition of the bridge 

● Report any potential issues related to strength safety. 
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11.3.2.3 Destructive Testing 

As the name indicates, this method will destroy the material. Therefore, it is impossible to 

implement on site. However, usually some extra material will be kept in place immediately 

after construction. These materials could be used to represent the real bridge to 

implement the destructive tests. These samples could be tested in different time to 

determine the deterioration of the material. 

 

11.3.2.4 Analytical Method 

Besides from the site investigation or experiment, using analytical methods is also a 

efficient way to calculate the deterioration of the structure. Different formulas or different 

software programs and different assumptions will lead to different results. The inspector 

should use a conservative value based on experience. 

 

11.3.3 Repair and Replacement [2] 

If the structure is determined to be not safe enough, it should be repaired. If the situation 

is more severe, replacement should be considered. The structure integrity should always 

be maintained. Sometimes some accidents which can lead to significant decrease in the 

strength happen, for example, after a severe natural disaster such as earthquake or 

flooding, the strength check and maintenance are necessary. Repair or replacement 

should be decided based on the detailed conditions. 

 

11.3.4 Decommissioning [2] 

At the end of the service life, the structure will no longer be in normal use as designed. At 

this time, the strength could be lower than minimum requirement. If the cost of repairing 

the structure is greater than replacing a new one, decommissioning should be taken. 

Then the removal of the structure should be planned detailedly. For example, traffic 

issues and environmental impact should be considered. Also, if any wasted material could 

be recycled such as steel reinforcement, it should be recycled. 
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11.4 Conclusion   

Plant Life Management (PLiM) is a powerful tool to keep track of the design strength, 

serviceability, durability in a long period of time while the material deterioration through 

ageing. It is taking the pre-construction, construction and post construction variables into 

account by upgrading or protecting every elements that could have an impact on the three 

factors by the end of the structure’s service time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

11-15 

 

References 

[1]A. Sarja and E. Vesikari, Durability design of concrete structures, 1st ed. Boca Raton, 

Fla.: CRC, 2012. 

[2] H.H. Abrishami (2014). A New Approach of Plant Life Management of Containment 

Structure. 

[3] “Concrete slump test – Jordan Group Construction, 2017. [Online]. 

Available:http://jordangc.com/concrete-slump-test/.[Accessed:01-Apr-2017] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

A-1 

 

 



 
 

 
 

A-2 

 

 



 
 

 
 

A-3 

 

 


