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BRIDGE ANALYSIS AND EVALUATION OF EFFECTS 
UNDER OVERLOAD VEHICLES (PHASE 2) 

 
EXECUTIVE SUMMARY 

 
 

An overload vehicle travelling across a bridge, even if it is a single crossing, may affect 

not only the short term behavior of the bridge but also the long term performance and life cycle 

cost of the bridge. Generally, special permits are issued to overload vehicles without considering 

their cumulative effect on bridge components, but only considering the bridge strength capacity. 

The cumulative damage to the bridge may reduce the life of the bridge or induce unexpected 

fatigue failure of the bridge.  Therefore, it is reasonable to examine the long term performance of 

bridges when issuing permits in addition to the short term effect during the crossing. 

 

Long term performance of concrete decks and steel girder bridges subjected to overloads 

was investigated in comparison to the effects when subjected to an AASHTO standard vehicle 

which is used to design bridges. Overloads that can safely cross a bridge in the short term may 

cause long term problems such as fatigue failure or reduction of bridge service life that are not 

immediately evident. 

 

It may be reasonable for the permit applicant to be responsible for the cost of repair, 

additional maintenance or reduced life of the bridges caused by passage of an overload vehicle. 

The user cost should be related to the total invested cost to maintain the service life of the bridge. 

The concept of life cycle cost is required to assess the assigned cost to the overload vehicles.  A 

procedure to calculate bridge life cycle cost is outlined in this report for concrete bridge decks 

and steel girder bridges. This procedure could provide part of the estimate of fair cost assessment 

for use of bridges by  overload vehicles. 

 

Damage of the bridge components due to an overload is calculated using stress and 

cycles (S-N) relations and Miner’s damage accumulation rule.  Assigned cost is calculated using 

the life cycle cost of the bridge component and the damage accumulated to the bridge component. 

 

The design concept used with prestressed concrete girder bridges is that cracking in the 

girders should be prohibited under short term loading as well as long term loading.  Permits for 

overloads that would induce cracks in the girders should not be issued as a result of the process of 
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checking allowable tensile stress in the girders.  Effects of damage to girders in bridges with 

prestressed concrete girders were, therefore, excluded in this research.  

 
Examples of assigning cost per crossing for overload vehicles are provided for practical 

application of the proposed methods. A first example is provided for two concrete decks and a 

second example looks at two steel girder bridges. 
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1. INTRODUCTION 
 

1.1 Background 
 

The use of special purpose highway vehicles, over the legal limit in size and in weight, is 

increasing as industry grows and large items must be shipped over highways.  Those vehicles 

carry pressure vessels and transformers used in power plants, huge boilers, military hardware, 

wind turbine components and beams and barges that are becoming wider, longer and heavier. The 

vehicles frequently weigh 5 to 6 times the normal legal truck weight. Transportation agencies are 

asked to provide special permits for the vehicles along a specified pathway. Because of the 

unusual configuration of the vehicles it is difficult for those agencies to evaluate the effect of the 

vehicles on highway bridges. A simplified analysis method to predict the short term effects of 

overload vehicles on a bridge system – including deck, girders, and diaphragms has been 

performed during the 1st phase of this project (Bae 2009).  Damage due to overloads on long term 

behavior, including fatigue problems, and cost assignment to the vehicles per bridge crossing are 

investigated in this report. 

Overload vehicle travelling across a bridge, even if it is a single crossing, may affect not 

only the short term behavior of the bridge but also the long term performance and life cycle cost 

of the bridge. Generally, special permits are issued to overload vehicles without considering their 

cumulative effect on bridge components, but considering only the strength capacity of bridges 

(Mohammadi and Polepeddi 2000). Fatigue problems could result if the bridge is subjected to 

unexpected overloads in the future. The consequences of these occasional overloads with permits 

may be more critical than previously assumed when designing the bridge. They add to the 

cumulative damage in the bridge. Therefore, the long term behavior of bridges should be 

considered when issuing permits, in addition to the short term behavior. 

There may be minor cracking or deterioration in the components of the bridge which are 

not critical in the short term period but can result in special maintenance, rehabilitation or reduced 

life span in the long term. Therefore, an evaluation of the long term effects caused by initial 

damage is important.  The effects could be alleviated by the repair or maintenance of the bridge. 

The cost for repair, maintenance and reduction of life span of the bridge needs to be considered 

during the process of issuing the permit. It may be reasonable for the permit applicant to be 

responsible for the cost of repair, additional maintenance or reduced life of the bridges. The cost 

should be relevant to the total invested cost to maintain the service life of the bridge and the 

concept of the life cycle cost of bridge is required to assess the assigned cost to the overloads. The 
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life cycle cost of a bridge is defined as sum of initial cost, expected life cycle maintenance cost 

and expected life cycle rehabilitation costs including repair/replacement costs, loss of contents or 

fatality and injury losses, road user costs, and indirect socioeconomic losses. 

Research related to long term behavior of bridges subjected to overloads has been 

studied by several researchers. Brunea and Dicleli (1994) and Dicleli and Bruneau (1995) studied 

cumulative impacts of heavy permit trucks on steel bridges and developed a fatigue-based method 

to assess the reduction in service life due to the trucks.  Miner’s well known cumulative fatigue 

damage due to cycles of a variable amplitude loading was applied to develop the method.  

Mohammadi and Polepeddi (2000) investigated fatigue damage of five bridges from overloads in 

the range of 80 ~ 120 kips and found that the fatigue damage from the overloads can reduce about 

3.5% of service life of the bridges.  They developed a method for rating bridges under application 

of overloads using Miner’s cumulative fatigue damage rule.  Li et al. (2001) studied effects of 

load sequence and interaction, and overloading effect on the fatigue damage of bridges on the 

basis of a non-linear fatigue damage model.  The model is derived from the theory of continuum 

damage mechanics for high-cycle fatigue and residual life can also be calculated by using the 

model.  Sadeghi and Fathali (2007) performed deterioration analysis of concrete bridge decks 

under overloads from fatigue point of view. A method for determining damage effects of 

overloads on concrete decks considering fatigue effects was outlined.  The relationship of the 

passing overloads and the number of allowable load cycles can be determined using the method. 

Goodman diagram based on working stress design method was used in the method.   

Aforementioned studies provided methods to evaluate bridge damages induced by 

overloads and to predict reduction of the service life of bridges.  The study to develop rational 

method to assign cost to the overloads per crossing bridges based on the resulting fatigue damage 

has not been performed yet.  The work performed in this project aims to help agencies in 

evaluating the long term impact of the overload vehicles on bridges and in assigning the resulting 

cost to the permit applicants as an extension of 1st phase of the project.  Life cycle cost analysis of 

bridges was used to determine assigned cost to the overloads. 

 

1.2 Research Objectives / Task List 
 

The objectives for the project include evaluation of possible long term effects of 

overload vehicles on bridges, assessment of life cycle cost, and establishment of a means of 

assigning cost per overload vehicle based on damage and resulting reduced service life. The 

approach to studying the effects and task list are outlined below. 
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1) Evaluation of long term effects of overload vehicles: 

The effects of overload vehicles on bridges are not restricted to the short term behavior 

of the bridges. There may be a reduction of the fatigue life or initialization of cracks because of 

the excessive stress in the components of the bridges, particularly at connections or changes of 

cross section, caused by the heavier loads. The frequent occurrences of stress over the material 

fatigue endurance limit may significantly affect the fatigue life of the components.  These could 

subsequently worsen due to repeated normal vehicle loads or freeze and thaw cycle inducing 

deterioration.  The evaluation of the long term effects of the overload vehicles was performed in 

this report. 

 

2) Assessment of bridge life cycle cost  

The time between a bridge’s construction and its replacement or removal from service is 

its service life. The sequence of actions and events and their outcomes–e.g., construction, usage, 

aging, damage, repair, renewal–that lead to the end of the service life and the condition of the 

bridge during its life compose the life cycle.  The bridge life cycle cost is defined as the total cost 

of the bridge during its life cycle. Bridges are unique structures in transportation systems, and 

they require frequent and substantial maintenance and rehabilitation. A procedure to find bridge 

life cycle cost was outlined and it was used in development of a means to assign cost per crossing 

overload vehicles. 

 

3) Development of a means to assign cost per overload 

Overload vehicles may cause damage or cracks in bridge components. This might be 

permitted when the damage or cracks are repairable without a loss in structural load carrying 

capacity. It may be reasonable, however, for the permit applicant to be responsible for the cost of 

repair, additional maintenance or reduced life of the bridge. Assigning a standard cost may be 

difficult without structural evaluation. A method of assigning the cost as a function of the impact 

of the gross weight and configuration of the vehicles on the bridge was proposed. 

The means of assigning the cost was developed for concrete decks and steel girder 

bridges.  The design concept of prestressed concrete girders does not allow cracks under service 

loads.  Permit for the overloads inducing cracks in the girders may not be issued in the process of 

checking allowable tensile stress of the girders.  The bridges with prestressed concrete girders 

were, therefore, excluded in this research.  
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4) Cost assignment examples 

Examples of assigning cost per crossing bridges to overloads were provided for practical 

application of the developed means to assign cost per overload. First set of examples was 

performed for two pilot concrete decks and second set of examples was performed for two pilot 

steel girder bridges. 
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2. LONG TERM BEHAVIOR OF BRIDGES UNDER OVERLOADS  
 

2.1 Load Combinations Used to Investigate Long Term Behavior 
 

It is required to select appropriate load combinations to investigate the long term 

behavior of the bridge components under overloads.  There are four major load combinations 

prescribed in the AASHTO LRFD bridge design manual (2009) which can be used to investigate 

and compare short term and long term behavior under overloads or AASHTO standard vehicle.  

The load combinations are listed as follows: 

 

1) STRENGTH I -  Basic load combination relating to the normal vehicular use of the bridge 

without wind. 

2) STRENGTH II -  Load combination relating to the use of the bridge by Owner-specified 

special design vehicles, evaluation permit vehicles, or both without wind. 

3) SERVICE I -  Load combination relating to the normal operational use of the bridge with a 

55 mph wind and all loads taken at their nominal values. Also related to 

deflection control in buried metal structures, tunnel liner plate, and 

thermoplastic pipe, to control crack width in reinforced concrete structures, 

and for transverse analysis relating to tension in concrete segmental girders. 

This load combination should also be used for the investigation of slope 

stability. 

4) FATIGUE -  Fatigue and fracture load combination relating to repetitive gravitational 

vehicular live load and dynamic responses under a single design truck having 

the axle spacing specified in Article 3.6.1.4.1. of AASHTO LRFD bridge 

design manual (2009). 

 

The strength load combinations are used to evaluate whether the bridge is safe under 

ultimate loading condition. Generally permits for overload vehicles are issued when the bridge 

components are safe under the Strength load combination without considering the long term 

effect. This may result in long term problems such as fatigue failure or reduction of bridge service 

life.  The Strength I load combination is applicable to AASHTO standard truck and the Strength 

II load combination is applicable to overloads. The service load combination can be used to check 

whether the bridge exhibits excessive deflection or cracking. It is applicable to both AASHTO 



 6 

standard truck and overloads. The fatigue load combination can be used to check if the bridge 

components have any possibility of fatigue failure during the service life of the structure. 

The strength and service load combinations are used to design or to evaluate bridge 

components under short term loading while the fatigue load combination is used to evaluate 

bridge components under long term loading. Effects of overload vehicles using the load 

combinations were compared with those of AASHTO standard truck to investigate if overload 

vehicles have potential to damage bridges more than AASHTO standard truck which is used to 

design bridges focusing on concrete decks.  

 

2.2 Comparison of Effects of Overload with AASHTO Standard Truck on Concrete 

Deck 

 
Effects of two types of overload vehicles (single lane and dual lane overload vehicle) vs. 

AASHTO standard vehicle, HL 93 on the concrete deck were analyzed by finding maximum 

moment per unit width in the pilot concrete decks subjected to each vehicle. Five concrete decks 

with various spacing of girders (5 ft, 7 ft, 9 ft, 11 ft and 13 ft) were selected for the analysis.  The 

decks are assumed to be supported by five girders. Aforementioned load combinations prescribed 

in the AASHTO LRFD bridge design manual, i.e. service load, fatigue load and strength I and II 

load, were used. Cracking of the concrete deck and yielding of the steel reinforcement are 

considered as permanent damage and can be investigated using the service load. Long term 

behavior including reduction of the service life of the deck can be investigated using the fatigue 

load.  Short term instant failure of the deck can be investigated by the Strength I or II load.   

The maximum moments per unit width were calculated by dividing moment in the deck 

subjected to single axle by the smaller of the AASHTO effective strip width and longitudinal axle 

spacing. The longitudinal axle spacing of the AASHTO standard vehicle is generally wider than  

the AASHTO effective strip width while the longitudinal axle spacing of the overload vehicles 

may be less than the AASHTO effective strip width.  

The configurations of the axle load for each type of the vehicle are listed in Table 1.  

The selected overload vehicles are the most severe cases which got permits from WisDOT in the 

last 10 years.  Effects of dynamic allowance were not considered in the load combination for the 

overload vehicles since the vehicles move slow enough (less than 5 mph) on the bridge to ignore 

the effect. Load factors, dynamic allowance and multi-presence factor applied to the analysis are 

listed in Table 2.  

 



 7 

Table 1. Configurations of the axle loads used to investigate effects on concrete decks. 

Type of Vehicle 

Number 
of sets 

of 
wheels 
per axle 

Weight per sets 
of wheels 

(non-factored) 

Lateral 
wheel 

spacing 

Minimum 
longitudinal 
axle spacing 

Number of 
lanes loaded 

AASHTO standard 
truck, HL 93  2 16.000 k 6 ft 14 ft 1~3 

Single lane 
overload 2 18.800 k 8 ft 3.5 ft 1 

Dual lane overload 4 13.125 k 4 ft + 6 ft + 
4 ft 3.5 ft 1 

 

Table 2. Load factors applied to the analysis. 

 
Load 

factor 

Dynamic 

load 

allowance 

Multi-presence 

factor 

Service load 

combination 

AASHTO standard truck 1.00 33% Applied 

Single lane overload 1.00 - Not applied 

Dual lane overload 1.00 - Not applied 

Fatigue load 

combination 

AASHTO standard truck 0.75 15% Not Applicable 

Single lane overload 1.00 - Not applied 

Dual lane overload 1.00 - Not applied 

Strength 

load 

combination 

AASHTO standard truck 1.75 33% Applied 

Single lane overload 1.35 - Not applied 

Dual lane overload 1.35 - Not applied 

 

1) Service load combination 

The results from the analyses using the service load combination are listed in Table 3 

and shown in Figure 1. The service moments under the overload vehicles in the deck are greater 

than those under the AASHTO standard truck in most of the cases indicating that the overload 

vehicles affect more than the AASHTO standard truck on cracking of the deck or yielding of the 

steel reinforcements. It was also found that effects of the severe dual lane overload on decks using 

service load combination is less than those of the severe single lane overload. 
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Table 3. Moment per unit width using service load combination. 

Spacing of 

girders (ft) 

Moment per unit width (kip-ft / ft) 

AASHTO Standard 

truck 

Single lane 

overload 
Dual lane overload 

5 5.41 5.64 4.04 

7 6.14 7.77 5.82 

9 8.32 9.96 8.27 

11 9.45 12.15 11.05 

13 10.51 14.34 14.05 

 

 

 
 

Figure 1. Moment per unit width in the deck vs. girder spacing using the service load 

combination. 

 

The analysis results indicated that the severe overloads have more possibility to induce 

instant crack and/or yielding of steel reinforcement compared to AASHTO standard truck.  The 

comparison of the cracking moment and the yielding moment of typical concrete deck with 

service moment under the AASHTO standard truck and the severe overloads were performed to 

investigate the possibility. An analysis of the typical concrete deck with 9 inch depth and 7 foot 

girder spacing reinforced by #4 transversal (perpendicular to the girder direction) steel 
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reinforcements at 6 foot spacing designed according to AASHTO specification was performed.  

The 28 day compressive strength of the deck was assumed to be 4000 psi and yielding stress of 

the steel reinforcement was assumed to be 60 ksi.  The analysis results are listed in Table 4 and 

shown in Figure 2.  The results indicate that the severe overload vehicles are not like to induce the 

yielding of the reinforcement while they may cause the cracking of the deck. It is recommended 

to compare service moment in the deck induced by overload with cracking moment of the deck 

while issuing permits to prevent cracking problems in the concrete deck. 

 

Table 4. Moments per unit deck width using service load combination in comparison with 

cracking and yielding moments. 

Type of Moment 
Moment per unit width 

(kip-ft/ft) 

Cracking Moment 6.04 

AASHTO Standard Truck 6.14 

Single lane overload 7.77 

Dual lane overload 5.82 

Yielding Moment 13.47 

 

 
Figure 2. Comparison of the moments per unit deck width under service load and critical 

moments. 
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2) Fatigue load combination 

The results from the analyses using the fatigue load combination are listed in Table 5 

and shown in Figure 3. The fatigue moments under the severe overload vehicles in the deck are 

greater than those under the AASHTO standard truck indicating that the overload vehicles affect 

more than the AASHTO standard truck on the fatigue life of the bridge. The results indicate that 

the passage of the severe overloads is likely to reduce service life of the bridge deck.   

 

Table 5. Moment per unit width using fatigue load combination. 

Spacing of 

girders (ft) 

Moment per unit width (kip-ft / ft) 

AASHTO Standard 

truck 

Single lane 

overload 
Dual lane overload 

5 3.02  5.64  4.04  

7 3.72  7.77  5.82  

9 5.40  9.96  8.27  

11 6.13  12.15  11.05  

13 6.82  14.34  14.05  

 

 
Figure 3. Moment per unit width in the deck vs. girder spacing using fatigue load 

combination. 
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3) Strength load combination 

The results from the analyses using the strength I load combination are listed in Table 6 

and shown in Figure 4. The strength moments under the severe overload vehicles in the deck are 

less than those under the AASHTO standard truck indicating that the chances of failure due to the 

overload vehicles are minimal. The result shows that permits could be issued to the severe 

overloads when the analysis of the bridge was done only checking ultimate stress using strength 

load combination. However, the passage of the severe overload possibly cause cracking problem 

and fatigue related issues. Therefore service load combination and fatigue load combination 

should be checked while issuing permits. 

 

Table 6. Moment per unit width using strength load combination. 

Spacing of 
girders (ft) 

Moment per unit width (kip-ft / ft) 

AASHTO Standard 
truck 

Single lane 
overload Dual lane overload 

5 9.47 7.61 5.45 

7 10.75 10.49 7.85 

9 14.56 13.44 11.16 

11 16.54 16.40 14.91 

13 18.40 19.36 18.97 
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Figure 4. Moment per unit width in the deck vs. girder spacing using strength load 

combination. 

 

2.3 Comparison of Effects of Overload with AASHTO Standard Truck on Steel 

Girder Complex Bridge 
 

Effects of two types of overload vehicles (single lane and dual lane overload vehicle) vs. 
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lanes are provided.  There are nine stringers as longitudinal structural components in addition to 

the two main girders and two arches in the superstructure. There are thirteen transverse floor 

beams in the superstructure. The plans for the bridge are shown in Figure 6. 
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Figure 5. Bong Bridge (Wisconsin, Tied arch bridge, Span = 500 ft). 
 
 
 

 
 

(a) Elevation 
 
 



 14 

 
 

(b) Framing plan 
 

Figure 6. Plans for Bong Bridge. 
 
 
 

Three types of vehicular loads, i.e. the AASHTO LRFD standard truck and two types of 

overload vehicles were considered for the analysis.  The configurations of the vehicles are shown 

in Table 7. 
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Table 7. Vehicle loads for Bong Bridge. 

Type of the vehicle Features 

AASHTO LRFD standard truck * 
- Negative moment truck train was included 

- 1 ~ 3 lane loading 

Single lane overload* - Gross Weight = 446 kips 

Dual lane overload* 
- Gross Weight = 670 kips 

- Transverse wheel spacing: 4’ + 4’ + 4’ 

* All the possible transverse and longitudinal live load locations were considered using the 

moving load option in SAP2000. 

 

Selected overload vehicles for the analysis were the single lane overload vehicle and the 

dual lane overload vehicle shown in Figure 7. They are the heaviest vehicles in gross weight seen 

in the last ten years in Wisconsin. The transverse wheel spacing of the single lane overload 

vehicle was 8 ft.  The exterior transverse wheel spacing of the dual lane overload vehicle was 4 ft 

and the interior transverse wheel spacing of the dual lane overload vehicle was 4 ft. Load 

combinations, load factor, dynamic allowance and multi-presence factors used in the analysis are 

identical to the configuration shown in Table 2.  The vehicles are modeled using the moving load 

option in SAP2000 and all the possible transverse and longitudinal live load locations were 

considered.   

Modeling of the bridge is shown in Figure 8. The frame element was used to model the 

main girders, the arches, the transverse arch bracing, the stringers and the floor beams. A truss 

element was used to model the bracings for the floor beams and the diaphragms for the stringers. 

A cable element was used to model the cables.  The shell element was used to model the concrete 

deck. A special link defined to transfer only vertical force was used to model the connection of 

the deck and main girder to model a non-composite connection.   
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(a) Selected single lane overload vehicle for the analysis of Bong Bridge 

(72k loads are sum of 3 axles, total gross weight = 446 kips) 

 

 
(b) Selected single lane overload vehicle for the analysis of Bong Bridge  

(Gross weight = 670 kips) 

 

Figure 7. Selected overload vehicles for the analysis of Bong Bridge. 

 

 

 
 

Figure 8. Three dimensional finite element modeling of Bong Bridge. 
 

Analysis results are shown for one of the two steel main girders, namely the tension ties 

for the arch in Figures 9 and 10 using a strength load combination and fatigue load combination 

(with the AASHTO HL93 truck, not the fatigue vehicle).  The results show moment envelopes 

under each type of live load.  No other loads, except live load, were considered in the analysis. 

The moment in the tension tie for the arch shows some change at the location where the girder is 

supported by the cables as shown in Figures 9 and 10.  The location of the vertical grids in the 

figures were selected as the same location as the location of the cables.  
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The live load moments in the main arch tie girder subjected to the single lane overload 

vehicle using strength load combination (Figure 9) were less than those subjected to the 

AASHTO HL93 truck load, while the live load moments of the main girder subjected to the dual 

lane overload vehicle were comparable to those subjected to the AASHTO HL93. These results in 

Figure 9 indicate that the main girders are stressed less when the single lane overload vehicle is 

present than a case where AASHTO HL 93 truck is present. When the dual lane overload vehicle 

passes, they are stressed comparably to a case where AASHTO HL93 truck passes.  

The moments in the main girder using a fatigue load combination (Figure 10) show 

different results compared to the moments using the strength load combination (Figure 9). The 

moments in the main girder subjected to the single lane overload vehicle, using a fatigue load 

combination, were comparable to those subjected to the AASHTO truck. The main girder 

moments from the dual lane overload vehicle were higher than those subjected to the AASHTO 

truck.  Though the dual lane vehicle creates higher moments, the fatigue effect may not be critical 

with the low number of cycles from overload vehicles. In some cases the fatigue limit state might 

still need to be considered in issuing permits because the higher stress condition at fewer cycles 

and still contribute to fatigue failure more than the lower AASHTO truck induced stresses at 

higher cycles. 
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Figure 9. Moment envelope for Bong bridge main girder using strength load combination. 

(AASHTO = HL-93 load, OL = Overload) 
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Figure 10. Moment envelope for Bong bridge main girder using fatigue load combination. 

(AASHTO = HL-93 load, OL = Overload) 
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3. BRIDGE LIFE CYCLE COST 
 

There may be damage, including minor cracking or deterioration in the components of a 

bridge, which are not critical in the short term period after passage of overloads but they can 

reduce service life span of the bridge in the long term. Therefore, an evaluation of the long term 

effects of initial damage is important. The cost for the reduction of service life of bridges may 

need to be considered during the process of issuing the permit. It may be reasonable for the 

permit applicant to be responsible for the cost of reduced life of the bridge. The cost should be 

relevant to the total invested cost to build the bridge and to maintain the service life of the bridge. 

The concept of the life cycle cost of a bridge is, therefore, required to assess the assigned cost to 

the overloads. The bridge life cycle cost was studied as a step to develop a means to assign cost to 

overloads. 

 

3.1 Concept and Background 

 
The time between a bridge’s construction and its replacement or removal from service is 

its service life. The sequence of actions and events and their outcomes–e.g., construction, usage, 

aging, damage, repair – that lead to the end of the service life and the condition of the bridge 

during its life compose the life cycle.  The bridge life cycle cost is defined as the total cost of the 

bridge during its life cycle.  The concept of the bridge life cycle cost has been used to choose the 

most cost effective alternative for the construction and maintenance of bridges and communicate 

the value of those choices to public (Al-Wazeer et al. 2005).  A tool to calculate the bridge life 

cycle cost was developed by Hawk (2003).  The method was developed as a part of  NCHRP 

(National Cooperative Highway Research Program) project 12-43 to serve as a tool that can be 

applied to the decision-making process for the repair or selection of cost-effective alternatives for 

the preservation of bridge assets for short-term and long-term planning horizons.   

Many researchers have been using the life-cycle concept in various applications such as 

design of steel bridges (Lee et al. 2006), evaluation of existing prestressed concrete bridges 

(Liang et al. 2007), examination of engineered cementitious composite link slab (Kendall et al 

2008), and development of a service life prediction model (Cheung et al. 2008) 

Bridges are unique structures in transportation systems, and they require frequent and 

substantial maintenance, rehabilitation, and replacement. Consequently, maintenance and 

rehabilitation costs are a significant part of the total costs in bridge life cycle cost. A bridge life-

cycle cost is a sum of the following:  
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 Design cost 

 Construction cost 

 Maintenance cost 

 Rehabilitation cost 

 User cost 

 Salvage value 

 

The initial portion of the bridge life cycle cost includes the design cost and the 

construction cost.  Examples showing comparison of the initial cost to the life cycle cost of 

bridges are shown in Figure 11.  The major portion of the difference between the initial cost and 

the life cycle cost is the maintenance cost and the rehabilitation cost.  The sum of the maintenance 

and rehabilitation costs was approximately 5 ~ 20 % of the life cycle cost (Lee et al. 2006).  

 

 
Figure 11. Comparison of the initial cost to the life cycle cost of bridges. (Lee et al. 2006) 
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3.2 Cash Flow, Discount Rate and Net Present Value 
 

Concepts of cash flow, discount rate and net present value are required to calculate 

bridge life cycle cost and they are briefly described here.  General concepts related to finance are 

described first and then the concepts related to the bridge life cycle cost are described. 

 

1) Cash Flow 

Cash Flow is the movement of cash into or out of a business, project, or financial 

product. It is usually measured during a specified, finite period of time. Measurement of cash 

flow can be used for calculating other parameters that give information on the companies' value 

and situation. Cash flow can be used for calculating parameters such as: 

 

 to determine a project's rate of return or value. The time of cash flows into and out of projects 

are used as inputs in financial models such as internal rate of return, and net present value.  

 cash flow can be used to evaluate the 'quality' of income generated by accrual accounting. 

When Net Income is composed of large non-cash items it is considered low quality.  

 to evaluate the risks within a financial product, e.g. matching cash requirements, evaluating 

default risk, re-investment requirements, etc.  

 

Cash flow is a generic term used differently depending on the context. It may be defined 

by users for their own purposes. It can refer to actual past flows, or to projected future flows. It 

can refer to the total of all the flows involved or to only a subset of those flows. Subset terms 

include 'net cash flow', operating cash flow and free cash flow. 

The cash flow used to calculate the bridge life cycle cost is related only to the design 

cost, construction cost, maintenance cost and rehabilitation cost which are the investments during 

a specified, finite period of time since generally there is no income from the bridge. 

 

2) Discount rate 

The discount rate is defined as the interest rate charged to commercial banks and other 

depository institutions on loans they receive from their regional Federal Reserve Bank's lending 

facility--the discount window. The discount rate can mean 

 

 an interest rate a central bank charges depository institutions that borrow reserves from it, for 

example for the use of the Federal Reserve's discount window.  

http://en.wikipedia.org/wiki/Cash
http://en.wikipedia.org/wiki/Rate_of_return
http://en.wikipedia.org/wiki/Internal_rate_of_return
http://en.wikipedia.org/wiki/Net_present_value
http://en.wikipedia.org/wiki/Accrual_accounting
http://en.wikipedia.org/wiki/Operating_cash_flow
http://en.wikipedia.org/wiki/Free_cash_flow
http://en.wikipedia.org/wiki/Central_bank
http://en.wikipedia.org/wiki/Depository_institution
http://en.wikipedia.org/wiki/Bank_reserves
http://en.wikipedia.org/wiki/Federal_Reserve
http://en.wikipedia.org/wiki/Discount_window
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 the same as interest rate; the term "discount" does not refer to the common meaning of the 

word, but to the meaning in computations of present value, e.g. net present value or 

discounted cash flow  

 the annual effective discount rate, which is the annual interest divided by the capital 

including that interest; this rate is lower than the interest rate; it corresponds to using the 

value after a year as the nominal value, and seeing the initial value as the nominal value 

minus a discount; it is used for Treasury Bills and similar financial instruments  

 

The discount rate is a critical factor to estimate life cycle cost of the bridge in net present 

value (NPV) since the value of the bridge changes with time.  Possible values for the discount 

rate were found from references as shown in Table 8. The value proposed by the Office of 

Management and Budget in USA is judged to be the most reasonable value and it will be used in 

this research. 

  

http://en.wikipedia.org/wiki/Interest_rate
http://en.wikipedia.org/wiki/Present_value
http://en.wikipedia.org/wiki/Net_present_value
http://en.wikipedia.org/wiki/Discounted_cash_flow
http://en.wikipedia.org/wiki/Nominal_value
http://en.wikipedia.org/wiki/Discounts_and_allowances
http://en.wikipedia.org/wiki/Treasury_Bills
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Table 8. Discount rates from references. 

References Discount rate Analysis 
Year 

Hawk, H., (2003) “Bridge Life-cycle Cost Analysis”, National 
Cooperative Highway Research Program, Transportation 
Research Board, Washington, DC, NCHRP Report 483. 

5.8 % 2002 

Al-Wazeer, A., Harris, B., and Nutakor, C., (2005), “Applying 
Life Cycle Cost Analysis to Bridges”, Public Roads, FHWA, 
Vol. 69, No. 3. 

4.2 % 2005 

Lee, K. M., Cho, H. N., and Cha, C. J., (2006), “Life-cycle 
Cost-effective Optimum Design of Steel Bridges Considering 
Environmental Stressors”, Engineering Structures, Vol. 28, No. 
9, pp. 1252-1265. 

4.0 % 2006 

2008 Kendall, A., Keoleian, G. A., and Helfand, G. E., (2008) 
“Intergated Life-cycle Assessment and Life-cycle Cost 
Analysis Model for Concrete Bridge Deck Applications”, 
Journal of Infrastructure Systems, ASCE, Vol. 14, No. 3, pp. 
214-222. 

4.0 % 2005 

Office of Management and Budget, USA 

5.1 % 
5.5 % 
5.2 % 
5.2 % 
5.1 % 
4.9 % 
4.5 % 
4.5 % 

2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 

 

 

3) Net present value 

The net present value (NPV) of a time series of cash flows, both incoming and outgoing, 

is defined as the sum of the present values (PVs) of the individual cash flows.  In the case when 

all future cash flows are incoming (such as coupons and principal of a bond) and the only outflow 

of cash is the purchase price, the NPV is simply the PV of future cash flows minus the purchase 

price (which is its own PV). NPV is a central tool in discounted cash flow analysis, and is a 

standard method for using the time value of money to appraise long-term projects. Used for 

capital budgeting, and widely throughout economics, finance, and accounting, it measures the 

excess or shortfall of cash flows, in present value terms, once financing charges are met. 

The NPV of a sequence of cash flows takes as input the cash flows and a discount rate or 

discount curve and outputting a price; the converse process in discounted cash flow analysis - 

taking a sequence of cash flows and a price as input and inferring as output a discount rate (the 

http://en.wikipedia.org/wiki/Time_series
http://en.wikipedia.org/wiki/Cash_flow
http://en.wikipedia.org/wiki/Present_value
http://en.wikipedia.org/wiki/Discounted_cash_flow
http://en.wikipedia.org/wiki/Time_value_of_money
http://en.wikipedia.org/wiki/Capital_budgeting
http://en.wikipedia.org/wiki/Economics
http://en.wikipedia.org/wiki/Finance
http://en.wikipedia.org/wiki/Accounting
http://en.wikipedia.org/wiki/Discounted_cash_flow
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discount rate which would yield the given price as NPV) - is called the yield, and is more widely 

used in bond trading. 

Each cash inflow/outflow is discounted back to its present value (PV). Then they are 

summed. Therefore NPV is the sum of all terms, 

 

( )t
t

i
R
+1

     (1) 

where, t - the time of the cash flow  

i - the discount rate (the rate of return that could be earned on an investment in the 

financial markets with similar risk.)  

Rt - the net cash flow (the amount of cash, inflow minus outflow) at time t. For 

educational purposes, R0 is commonly placed to the left of the sum to emphasize its role as 

(minus) the investment.  

 

The result of this formula if multiplied with the Annual Net cash in-flows and reduced 

by Initial Cash outlay will be the present value but in case where the cash flows are not equal in 

amount then the previous formula will be used to determine the present value of each cash flow 

separately. Any cash flow within 12 months will not be discounted for NPV purpose. 

The NPV at the time of a certain overload crossing a bridge is the bridge life cycle cost 

used to assign cost to the overload.  The assigned cost to the overload would be a portion of the 

bridge life cycle cost which is evaluated by the degree of damage the overload induces. 

 

3.3 Calculation of Bridge Life Cycle Cost 
 

The bridge life cycle cost is usually calculated for alternatives of the bridge project plan 

at the time of a decision making process prior to building the bridge and is used to evaluate the 

alternatives and select the alternative with the best economy.  Assume that there is an alternative 

to build a bridge with initial cost of $ 5,000,000 and maintenance cost of $800,000 per 10 years.  

The life cycle cost of the bridge at the base year (2010) can be calculated as shown in Table 9.  A 

discount rate of 4.5% in Table 8 recommended by the Office of Management and Budget, was 

used.  Each present value in the table was calculated by Eq. (1).  The net present value of the 

bridge life cycle cost for the alternative is $ 6,286,567 which is the sum of the present values.   

 

 

http://en.wikipedia.org/wiki/Yield_(finance)
http://en.wikipedia.org/wiki/Discounting
http://en.wikipedia.org/wiki/Discount_rate
http://en.wikipedia.org/wiki/Rate_of_return
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Table 9. Calculation of bridge life cycle cost prior to build the bridge. 

Year 2010 2020 2030 2040 2050 2060 Sum 

Cash flow 
($) 5,000,000 800,000 800,000 800,000 800,000 800,000 9,000,000 

t (years) 0 10 20 30 40 50  

1/(1+i)t 1.000 0.644 0.415 0.267 0.172 0.111  

PV ($) 5,000,000 515,142 331,714 213,600 137,543 88,568 6,286,567 
(NPV) 

where, t is difference of the time from the time when the NPV is calculated, i is discount rate, PV 

is present value and NPV is net present value. 

 

The calculation of the bridge life cycle cost, for assigning a cost from overloads crossing 

a bridge, is different from the calculation of the bridge life cycle cost for choosing alternatives 

since the time of interest is different.  The NPV for the calculation of the bridge life cycle cost for 

assigning cost to overload needs to be calculated at the time the overloads cross the bridge.  

Assume that a certain overload crosses a bridge in the year 2030. Use the identical bridge used 

above and shown in Table 9. The NPV which is the life cycle cost of the bridge at the time of 

crossing the bridge can be calculated as shown in Table 10.  Difference of the time from the time 

when the NPV is calculated (t) is changed and the NPV is calculated to be $ 15,161,402 which is 

the bridge life cycle cost for assigning cost to the overload crossing the bridge.  

 

Table 10. Calculation of bridge life cycle cost in 2030, used to assign cost to overloads. 

Year 2010 2020 2030 2040 2050 2060 Sum 

Cash flow 

($) 
5,000,000 800,000 800,000 800,000 800,000 800,000 9,000,000 

t (years) -20 -10 0 10 20 30  

1/(1+i)t 2.412 1.553 1.000 0.644 0.415 0.267  

PV ($) 12,058,570 1,242,376 800,000 515,142 331,714 213,600 
15,161,402 

(NPV) 

where, t is difference of the time from the time when the NPV is calculated, i is discount rate, PV is present 

value and NPV is net present value. 
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4. DEVELOPMENT OF A MEANS TO ASSIGN COST PER 
OVERLOAD CROSSING OF A BRIDGE 

 

Overload vehicles causing damage or cracks in bridge components may be permitted 

when the damage and cracks are repairable without losing capacity and safety is not in jeopardy. 

It may be reasonable, however, for the permit applicant to be responsible for the reduced life of 

the bridge.  A means to assign cost to the permit applicant for concrete decks and steel girder 

bridges is developed and described in this chapter. 

Miner’s damage rule and S-N relations for structural members which are used to 

calculate degree of cumulative fatigue damage are described.  The degree of cumulative fatigue 

damage is used to calculate reduction of service life of bridges and the assigned cost is calculated 

by multiplying the bridge life cycle cost by the percentage of reduction of the service life (which 

is the same as the degree of the cumulative fatigue damage). 

 
4.1 Miner’s Rule 

 

Methods to predict damage accumulation and/or bridge life consumption from overload 

vehicles are provided in references (Bruneau and Dicleli 1994, Dicleli and Bruneau 1995, 

Mohammadi and Polepeddi 2000, Li et al. 2001, Sadeghi and Fathali 2007, Cheung et al. 2008 

and Wang et al. 2009). The most common method is to apply Miner’s rule in calculating damage 

accumulation and to utilize the “stress range - number of cycles” to failure (S-N) relation to 

compute the number cycles to failure for bridge components. (Bruneau and Dicleli 1994, Dicleli 

and Bruneau 1995, Mohammadi and Polepeddi 2000 and Wang et al. 2009) 

The S-N relation is defined as 

 

mS
CN =           (2) 

where N = number of cycles to failure for the stress range S (ksi); and C and m = 

constants. C and m are given by AASHTO LRFD for various structural details as listed in Section 

4.2. 

 

The Miner’s damage equation is 
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where D = total damage accumulated in the structural component, n = the number of 

load cycles causing a particular stress level, and N = the number of cycles to failure at the same 

stress level.  

 

To compute D, the stress population (or various levels of stress that occur) for a given 

bridge is divided into k ranges. For each range “i”, the stress range value Si is used in Eq. (2) to 

compute the corresponding number of cycles Ni that will cause failure at the stress Si. The actual 

recorded number of cycles in a bridge, ni, for the Si stress range is then divided by Ni to compute 

the portion of the total damage caused by Si. The damage associated with all k stress ranges is 

then computed using Eq. (3).  The damage (D) from a single passage of an overload vehicle can 

be calculated by finding N associated with the maximum stress induced by the overload from Eq. 

2 and using it alone in Eq. (3) with the number of times (n) that peak stress is developed as the 

overload vehicle crosses.  The Eq. (3) for this case can be simplified to Eq. (4) if the overload 

only induces a single cycle (n=1) of the maximum stress. 

 

N
D 1
=          (4) 

 

The total life reduction due to the overload vehicles can be calculated by multiplying the 

resulting damage (D) by the total life of the bridge. 

 

4.2 S-N Relations 
 

S-N relations for structural members are required to calculate damage (D) of the 

structural members using Miner’s damage accumulation rule as described in Section 4.1.  The 

relations for reinforced concrete deck and steel members are described here. 

 

1) Reinforced concrete deck: 

Two types of fatigue related failures are commonly identified in concrete decks. The 

first type is fatigue failure of the steel reinforcement and the second type is debonding of the 

concrete surrounding the steel reinforcement resulting in loss of the capacity of deck.  Two S-N 
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relations, from reference literature, related to the two types of fatigue failure are shown in Figures 

12 and 13.  

Figure 12 shows a typical S-N relation for deformed steel reinforcements (Structural 

concrete: textbook on behaviour, design and performance: updated knowledge of the CEB/FIP 

Model code 1990”). The constants C and m in Eq. (2) for the relation were found by curve fitting 

to test data and they are taken respectively as 6 x 1017 and 8.5 (when S is in ksi units). Stress less 

than 20 ksi is not applicable to this relation since the number of cycles without failure, N, 

corresponding to a stress less than 20 ksi is infinity.  This relation can be used to calculated 

damage in the deck that could lead to fatigue failure of the steel reinforcement. 

Figure 13 shows moving wheel load - N relations of bridges with concrete decks under 

moving constant wheel load. The relation is given in terms of the ratio of applied load to static 

ultimate strength versus log Npf.  Npf is number of cycles of the moving wheel load crossing the 

bridge specimens to failure.  The relation was found from moving load tests (Petrou et al. 1994).  

The moving wheel load-N relationship can be used as an alternative to an S-N relation for decks 

failing by debonding of the concrete surrounding the steel reinforcement. The Figure illustrates 

that a bridge would fail with relatively few cycles with a heavier wheel load even though the 

amount of wheel loading is less than the ultimate static capacity of the bridge. This effect may be  

due to the movement of the load and progressive spread of damage along the path of the wheel, 

instead of damage just in the near vicinity of a static load.  

This relation for deck damage was found for decks with isotropic and orthotropic steel 

reinforcement patterns.  The spacing of the girders supporting the deck was 7 ft or 10 ft.  This 

relation can only be applied to decks with certain girder spacings, due to limited test data, and the 

relation is dependant on the amount of steel reinforcement.  It appears that additional data needs 

to be collected to use this relation for more general cases.  In the meantime the S-N relation 

shown in Figure 12 can be used to calculate damage to steel reinforced concrete decks leading to 

steel fatigue failure with C =  6 x 1017 and m = 8.5 for Eq. (2). Figure 13 should only be used in 

cases matching the test situation. 
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Figure 12. Typical fatigue strength curve of a deformed reinforcing bar. 

(Structural concrete: textbook on behaviour, design and performance: updated knowledge of the 

CEB/FIP Model code 1990”) 

 

 
Figure 13. S-N fatigue curves under moving constant wheel load in terms of the ratio 

applied load to static ultimate strength versus log Npf .  (Petrou 1994) 
(where BI3-7: Deck with isotropic reinforcement with 7ft girder spacing, 
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BI3-10: Deck with isotropic reinforcement with 10ft girder spacing, 

BO-7: Deck with orthotropic reinforcement with 7ft girder spacing and 

BO-10: Deck with orthotropic reinforcement with 10ft girder spacing) 

 

2) Steel members: 

The S-N relations for steel members are included in provisions of the AASHTO LRFD 

and by Munse et al. (1983) for different structural details. A comparison of suggested relations is 

shown in Figure 14a-14d and Tables 11 & 12 for specific structural details. 

 

 
14a) Steel beam without welding, stiffener or studs, 
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14b) Steel beam with welded cover plate on flange, 

  
14c) Beam with welded web stiffeners, 
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14d) Beam with welded studs, 

Figure 14. Comparison of S-N relation for steel beams (in log scale). 
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Table 10. S-N relations for steel beams given by Munse et al. (1983). 

Detail C* m* 

2 1.12E+06 6.048 

4 4.60E+05 5.663 

5 1.90E+03 3.278 

7 5.90E+03 3.771 

* C and m are used in Eq. (2) for S-N relation 

 

Table 11. S-N relations for steel beams given by AASHTO LRFD.  

Detail C* m* 
Threshold 

(ksi) 

2 2.50E+10 3 24 

4 1.20E+10 3 16 

5 3.90E+08 3 2.6 

7 4.40E+09 3 12 

* C and m is used in Eq. (2) for S-N relation 

 

It appears that the S-N relations given by AASHTO LRFD are more conservative than 

the values from a study by Munse et. al (1983). The AASHTO lines (Fig. 14) predict fewer cycles 

to failure at a certain stress range. A higher accumulation of damage will, therefore, be predicted 

and a higher cost will be assigned to an overload vehicle when the S-N relations from AASHTO 

LRFD is used. Since AASHTO is the common reference standard for design, the AASHTO 

relations for S-N are recommended for calculation of accumulated damage to bridges from 

overload vehicle crossings. 

 

4.3 Procedure for calculation of assigned permit cost to overload vehicles  
 

A procedure to calculate assigned costs to overload vehicles, as part of the permit fees 

when crossing a bridge, is described here step by step for concrete decks and for girders in steel 

girder bridges. 

 

1) Concrete Deck 

 Step 1: Calculate the maximum bending moment per unit width in the deck due to the 

overload vehicle axle weight using the AASHTO strip method. Calculate the 
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corresponding maximum stress in the transverse (perpendicular to the girder direction) 

steel reinforcement.  The maximum moment per unit width needs to be calculated by 

dividing the moment in the deck subjected to a single overload vehicle axle by the smaller 

of the width of the AASHTO effective strip width or the longitudinal axle spacing of the 

overload vehicle. Use 1.00 for the fatigue load factor for overloads and do not apply a 

multi-presence factor.  The dynamic load allowance can also be ignored because the 

overload vehicle should be required to cross the bridge slower than 15 MPH. 

 

 Step 2: Use the S-N relation given in Eq. (2) with stress in ksi units to find N with  C =  6 

x 1017 and m = 8.5 for constants. 

 

 Step 3: Examine the number of heavily loaded axles on the overload vehicle to estimate 

the number of cycles (n) of high stress as the vehicle crosses. Then calculate damage (D) 

using Eq. (3) or (4). 

 

 Step 4: Find life cycle cost of the deck using the procedure described in Section 3.3. 

 

 Step 5: Calculate assigned cost to the overload using the following equation: 

Assigned cost = D x Life cycle cost of the deck. 

 

2) Steel girder bridges. 

 Step 1: Calculate the maximum moment range and corresponding stresses in critical steel 

girders. Use 1.00 for the fatigue load factor for overloads and do not apply a multi-

presence factor.  The dynamic load allowance can also be ignored because the overload 

vehicle should be required to cross the bridge slower than 15 MPH. It is recommended 

that the distribution equations developed from the phase I of this project be used to 

estimate the portion of the overload vehicle weight that is carried by an individual girder 

before calculating the moment range. 

 

 Step 2: Use the S-N relation given in Eq. (2) to find N. Use appropriate C and m values 

from Table 11 to calculate N depending on the detailing of the girder. 

 

 Step 3: Examine whether a single crossing of the vehicle will create multiple cycles (n) of 

moment range. Calculate damage (D) using Eq. (3) or (4). 
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 Step 4: Find life cycle cost of the deck using the procedure described in Section 3.3. 

 

 Step 5: Calculate assigned cost to the overload using the following equation. 

Assigned cost = D x Life cycle cost of the deck 
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4.4 Approximate method for steel girder bridge – future work 
 

As a first step in estimating cost impacts of overloads, the maximum alternating moment 

in the steel girder needs to be calculated to find an assigned cost as described in Section 4.3.  

Structural analysis, or a substitute approximate method, is required to find the stress for each 

bridge.  It is recommended as a future study to develop a quick method which can be used to find 

an assigned cost without performing structural analysis by using the following steps or a similar 

method.  

 

a) Define typical designs for bridges subjected to the standard vehicle with different 

bridge configurations (span length and number of span), 

b) Find load induced bending moments for different configurations of overload 

vehicles (length and gross weight) and the different bridge configurations (span 

length and number of span), 

c) Find maximum service stress due to overload vehicles using the information from 

steps a and b, 

d) Find life reduction due to the maximum service stress from an S-N curve, 

e) Find average life cycle cost per span of the bridge, 

f) Calculate an assigned cost as: (average life cycle cost per span) x (span length) x 

(reduced life / estimated life) = Assigned costs, 

g) Develop a single equation to estimate assigned costs (variables = number of span, 

span length, vehicle length and gross weight). 
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5. COST ASSIGNMENT EXAMPLES 
 

Examples of assigning cost per crossing of bridges to overload vehicles are provided to 

illustrate the practical application of the method described in the previous sections. A first  

example looks at two pilot concrete decks and a second example looks at two pilot steel girder 

bridges. 

 

5.1 Cost Assignment Examples for Concrete Decks 
 

Two examples of assigning permit cost to three types of vehicles crossing a bridge are 

shown for concrete decks. The analyses were completed for two types of overload vehicles, i.e. a 

single lane overload and a dual lane overload, and also the AASHTO LRFD HL-93 truck for 

comparison. The selected overload vehicles affecting the bridge deck most severely were based 

on the Wisconsin State overload vehicle permit history. The configurations of the vehicles were 

summarized in Table 1.  

 

1) Example 1 for concrete deck: 

The configuration of the selected concrete deck for example 1 is as follows, 

 

 Depth of the deck = 9 in 

 Spacing of the girders = 7 ft 

 Number of girders = 5 

 Width of the deck = 32 ft 

 Length of the bridge = 250 ft 

 Length of the overhang is 2 ft from the center of the exterior girder 

 Area of the deck = 8000 ft2 

 Lateral steel reinforcement of the deck = #4 bars with 6 inch spacing at top and bottom 

 

The following assumptions are made for the calculation: 

 

 The bridge was built in 1980 

 Overload vehicle crosses the bridge once in 2010 

 Service life of the bridge is 45 years ignoring the overload effect 

 Discount rate is 4.5 % 
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 Construction and design cost of the deck is 13 $/ft2 ($104,000) 

 Maintenance cost including deck overly is 7.3 $/ft2 per 15 year ($58,400 per 15 year) 

 

Step 1: Calculate maximum transverse moment per unit width in the deck using the AASHTO 

strip method (AASHTO LRFD 4.6.2.1.3) with the strip spanning between girders. Then 

calculate the corresponding maximum stress in the lateral (perpendicular to the girder 

direction) steel reinforcement. 

Calculated maximum moments per unit width and corresponding maximum stresses in the steel 

reinforcements are listed in Table 12. 

 

Table 12. Maximum fatigue load moments in the deck and stresses in the reinforcement for 

deck example 1. 

 AASHTO HL93 
truck Single lane overload Dual lane overload 

Maximum moment 
per unit width 

(kip-in/ft) 
44.596 93.257 69.840 

Maximum stress in 
steel reinforcement 

(ksi) 
16.130  33.731  25.261  

 

Step 2: Use S-N relation given in Eq. (2) to find N. Use C =  6 x 1017 and m = 8.5 for constants. 

 

mS
CN =           (2) 

 

The result is listed in the Table 13. 

 

Table 13. Calculated N for concrete deck example 1. 

 
AASHTO Standard 

truck 
Single lane overload Dual lane overload 

N Infinity* 61,646 719,975 

* N for AASHTO standard truck is infinity since the stress in the reinforcement is less than 20ksi. 

 

Step 3: Calculate damage (D) using Eq. (4). 
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N
D 1
=          (4) 

 

The result is listed in the Table 14. 

 

Table 14. Calculated D for concrete deck example 1. 

 
AASHTO Standard 

truck 
Single lane overload Dual lane overload 

D 0 1.622E-05 1.389E-06 

 

Step 4: Find life cycle cost of the deck using the procedure described in Section 3.3. 

The result is listed in the Table 15. 

 

Table 15. Life cycle cost of deck example 1 in the year of 2010. 

year 1970 1985 2000 2015 Total 

Cash flow 
($) 104,000 58,400 58,400 - 220,800 

t -40 -25 -10 5  

1/(1+i)t 5.816 3.005 1.553 0.802  

PV ($) 604,864 175,492 90,695 - 871,051 
(NPV) 

 

Step 5: Calculate assigned cost to the overload using the following equation. 

Assigned cost = D x Life cycle cost of the deck 

The result is listed in the Table 16. 

 

Table 16. Assigned cost to vehicles for concrete deck example 1. 

 
AASHTO Standard 

truck 
Single lane overload Dual lane overload 

Assigned cost 

($/crossing) 
$0 $14.13 $1.21 

 

2) Example 2 for concrete deck: 

The configuration of the selected concrete deck for example 2 is as follows, 
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 Depth of the deck = 9 in 

 Spacing of the girders = 7 ft 

 Number of girders = 5 

 Width of the deck = 40 ft 

 Length of the bridge = 500 ft 

 Length of the overhang is 2 ft from the center of the exterior girder 

 Area of the deck = 20,000 ft2 

 Lateral steel reinforcement of the deck = #4 bars with 6 in spacing top and bottom 

 

The following assumptions are made for the calculation: 

 

 The bridge was built in 1970 

 Overload vehicle crosses the bridge once in 2010 

 Service life of the bridge is 45 years ignoring the overload effect 

 Discount rate is 4.5 % 

 Construction and design cost of the deck is 13 $/ft2 ($ 260,000) 

 Maintenance cost including deck overly is 7.3 $/ft2 per 15 year ($146,000 per 15year). 

 

Step 1: Calculate maximum transverse moment per unit width in the deck using the AASHTO 

strip method and calculate the corresponding maximum stress in the lateral (perpendicular 

to the girder direction) steel reinforcement. 

Calculated maximum moment per unit width and corresponding maximum stress in the steel 

reinforcement are listed in Table 17. 

 

Table 17. Maximum moment in the deck and stress in the reinforcement for deck example 2. 

 AASHTO Standard 
truck Single lane overload Dual lane overload 

Maximum moment 
per unit width 

(kip-in/ft) 
44.596 93.257 69.840 

Maximum stress in 
steel reinforcement 

(ksi) 
16.130  33.731  25.261  

 

Step 2: Use S-N relation given in Eq. (2) to find N. Use C =  6 x 1017 and m = 8.5 for constants. 
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The result is listed in the Table 18. 

 

Table 18. Calculated N for concrete deck example 2. 

 
AASHTO Standard 

truck 
Single lane overload Dual lane overload 

N Infinity* 61,646 719,975 

* N for AASHTO standard truck is infinity since the stress in the reinforcement is less than 20ksi. 

 

Step 3: Calculate damage (D) using Eq. (4). 

The result is listed in the Table 19. 

 

Table 19. Calculated D for concrete deck example 2. 

 
AASHTO Standard 

truck 
Single lane overload Dual lane overload 

D 0 1.622E-05 1.389E-06 

 

Step 4: Find life cycle cost of the deck using the procedure described in chapter 3.3. 

The result is listed in the Table 20. 

 

Table 20. Life cycle cost of deck example 2 in the year of 2010. 

Year 1980 1995 2010 2025 Total 

Cash flow 

($) 
104,000 58,400 58,400 - 220,800 

t -30 -15 0 15  

1/(1+i)t 3.745 1.935 1.000 0.517  

PV ($) 389,513 113,020 58,400 - 
560,934 

(NPV) 

 

Step 5: Calculate assigned cost to the overload using the following equation. 

Assigned cost = D x Life cycle cost of the deck 

The result is listed in the Table 21. 
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Table 21. Assigned cost to vehicles for concrete deck example 2. 

 
AASHTO Standard 

truck 
Single lane overload Dual lane overload 

Assigned cost 

($/crossing) 
$0 $9.10 $0.78 

* N for AASHTO standard truck is ∞  since the stress in the reinforcement is less than 20ksi. 

 

5.2 Cost Assignment Examples for Steel Girder Bridges 

 
Two steel plate girder bridges were selected for cost assignment examples and the 

configurations of the bridges are listed in Table 22. The axle load and spacing configurations of 

the selected single lane overload vehicle crossing the selected bridge are shown in Figure 14. It is 

assumed that the overload vehicle crosses each bridge once in 2030, that life of each bridge, 

ignoring effect of overload vehicles, is 75 years and that the average discount ratio (i) is 4.5% 

from 2006 to 2081.  Exterior girders were chosen for the calculation of the damage of the steel 

girder since the maximum moment occurs in the exterior girders.  Girder distribution factors were 

calculated using the lever rule since the number of girders are less than 5. 

Costs for the concrete deck including design cost, construction cost and maintenance 

cost is excluded in the calculations since the assigned cost to overloads for the concrete deck can 

be calculated separately using the method described in this report.  The plans for the bridges are 

attached in the Appendix. 

 

Table 22. Configurations of the bridges used in the example analyses for cost assignment. 

Structure 
I.D. 

Built 
year 

Span 
(ft) 

Width 
(ft) 

# of 
girders 

Girder Spacing 
(ft) 

Deck depth 
(in) 

B180176 
(Example 1) 2006 142 + 155 27 3 10 9 

B180167 
(Example 2) 2006 220 + 270 + 

270 + 230 60 4 12.5 10 
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Figure 14. Axle load and spacing configurations of the selected overload vehicle.  

(lateral spacing of the wheels is 8ft) 

 

1) Example 1 for steel girder bridge. 

 

Step 1: Calculate maximum alternating moments and corresponding stresses in the steel sections 

for the selected critical sections. 

Critical sections and sectional properties for the steel girder in example 1 are shown in Figure 15 

and Table 23 to calculate maximum stresses. Calculated maximum alternating moments and 

corresponding stresses are listed in Table 24. 

  

30k   30k         30k   30k          30k  30k            30k  30k                                      30k  30k                  12k 

40’ 9’ 9’ 9’ 12’ 4’ 4’ 4’ 4’ 4’ 
99’ 
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a) Positive moment region of the span 1        b) Positive moment region of the span 2 

 

 
c) Negative moment region over the pier 

 

Figure 15. Critical sections for steel girder example 1. 

 

Table 23. Sectional properties of critical sections for steel girder example 1. 

t = 2” 

22” 

16” 
t = 1” 

t = 0.5” 
58” 

t = 9” 

99" 

t = 2.5” 

16” 

t = 1.25” 

t = 0.5” 
58” 

99" 

t = 2.75” 

22” 
t = 2.75” 

t = 0.5625” 
58” 
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 Positive moment 
region of the span 1 

Positive moment 
region of the span 2 

Negative moment 
region over the pier 

Moment of inertia 
(in4) 150,008 174,528 120,862 

Distance of the 
center of gravity 

from the top of the 
section 

(in) 

24.11 26.31 31.75 

Structural detail Steel beam with 
studs 

Steel beam with 
studs 

Steel beam with 
stiffeners 

 

Table 24. Maximum alternating moments and maximum stress at the critical sections for 

steel girder example 1. 

 Positive moment 
region of the span 1 

Positive moment 
region of the span 2 

Negative moment 
region over the pier 

Maximum positive 
moment* 
(kip-ft) 

4178.79 4649.89 0 

Maximum negative 
moment* 
(kip-ft) 

-1211.63 -969.22 -2867.55 

Maximum 
alternating moment* 

(kip-ft) 
5390.42 5619.11 2867.55 

Maximum stress 
(ksi) 19.79 17.16 9.04 

* Load distribution factor was calculated (0.700) and applied to the results 

 

Step 2: Use S-N relation given in Eq. (2) to find N. Use C and m given in Table 11 to calculate N. 

Structural details used to select C and m are steel beam with studs for positive moment regions 

and steel beam with stiffeners for negative moment region. The results are listed in Table 25.  

 

Table 25. Calculated N for steel girder example 1. 

 Positive moment 
region of the span 1 

Positive moment 
region of the span 2 

Negative moment 
region over the pier 

N 567,695 870,765 5,955,900 
 

Step 3: Calculate damage (D) using Eq. (4). 
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The result is listed in the Table 26.  The largest damage governs the cost assigned to the overload 

and it will be used for the rest of the calculation. 

 

Table 26. Calculated D for steel girder example 1. 

 Positive moment 
region of the span 1 

Positive moment 
region of the span 2 

Negative moment 
region over the pier 

D 1.762E-06 1.148E-06 0.168E-06 
 

Step 4: Find life cycle cost of the steel girder using the procedure described in chapter 3.3. 

 

The result is listed in the Table 27. Construction and design cost excluding cost for the deck are 

included in the cash flow for the base year (2006) and maintenance cost for painting girders in a 

15 year cycle are included in the cash flow for the rest of the years. 

 

Table 27. Life cycle cost for steel girder example 1 in the year of 2030. 
year 2006 2021 2036 2051 2066 2081 Total 

Cash flow 

($) 

697,557 65,042 65,042 65,042 65,042 65,042 1,022,769 

t -24 -9 6 21 36 51  

1/(1+i)t 2.876 1.486 0.768 0.397 0.205 0.106  

PV ($) 2,006,184 96,659 49,946 25,808 13,336 6,891 2,198,823 
(NPV) 

 

Step 5: Calculate assigned cost to the overload using the following equation. 

Assigned cost = D x Life cycle cost of the deck 

Assigned cost per crossing the bridge is  

1.762E-06 (D) x $ 2,198,823 (NPV) = $3.87 

 

2) Example 2 for steel girder bridge: 

 

Step 1: Calculate maximum alternating moments and corresponding stresses at the steel sections 

for the selected critical sections. 

Critical sections and sectional properties for the steel girders of example 2 are shown in Figure 16 

and Table 28 to calculate maximum stresses. Calculated maximum alternating moments and 

corresponding stresses are listed in Table 29. 
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a) Positive moment region of the span 1         b) Positive moment region of the span 2 and 3 

 

                             
c) Positive moment region of the span 4                d) Negative moment region over the pier 

 

Figure 16. Critical sections for steel girder example 2. 
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120” 
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Table 28. Sectional properties of critical sections for steel girder example 2. 

 
Positive 

moment region 
of the span 1 

Positive 
moment region 
of the span 2 

and 3 

Positive 
moment region 
of the span 4 

Negative 
moment region 

over the pier 

Moment of 
inertia 
(in4) 

627,309 590,427 670,855 614,313 

Distance of the 
center of gravity 
from the top of 

the section 
(in) 

42.72 41.21 43.78 62.75 

Structural detail Steel beam with 
studs 

Steel beam with 
studs 

Steel beam with 
studs 

Steel beam with 
stiffeners 

 

Table 29. Maximum alternating moments and maximum stress at the critical sections for 

steel girder example 2. 

 
Positive moment 
region of the span 

1 

Positive moment 
region of the span 

2 and 3 

Positive moment 
region of the span 

4 

Negative moment 
region over the 

pier 
Maximum positive 

moment* 
(kip-ft) 

8260.136 8351.792 8702.456 1407.064 

Maximum 
negative moment* 

(kip-ft) 
-2223.456 -1923.86 -2169.8 -5259.96 

Maximum 
alternating 
moment* 
(kip-ft) 

10483.592 10275.66 10872.26 6667.024 

Maximum stress 
(ksi) 18.03 19.04 17.38 8.17 

* Load distribution factor was calculated (0.760) and applied to the results 

 

Step 2: Use S-N relation given in Eq. (2) to find N. Use C and m given in Table 11 to calculate N. 

Structural details used to select C and m are steel beam with studs for positive moment regions 

and steel beam with stiffeners for negative moment region. The result is listed in the Table30.  
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Table 30. Calculated N for steel girder example 2. 

 
Positive moment 
region of the span 

1 

Positive moment 
region of the span 

2 and 3 

Positive moment 
region of the span 

4 

Negative moment 
region over the 

pier 

N 750,698 637,458 838,115 8,068,383 

 

Step 3: Calculate damage (D) using Eq. (4). 

The result is listed in the Table 31.  The largest damage governs the cost assigned to the overload 

and it will be used for the rest of the calculation. 

 

Table 31. Calculated D for steel girder example 2. 

 
Positive moment 
region of the span 

1 

Positive moment 
region of the span 

2 and 3 

Positive moment 
region of the span 

4 

Negative moment 
region over the 

pier 

D 1.332E-06 1.569E-06 1.193E-06 0.124E-06 

 

Step 4: Find life cycle cost of the steel girder using the procedure described in chapter 3.3. 

The result is listed in the Table 32. Construction and design cost excluding cost for the deck are 

included in the cash flow for the base year (2006) and maintenance cost for painting girders in 15 

year cycle are included in the cash flow for the rest of the year 

 

Table 32. Life cycle cost for steel girder example 2 in the year of 2030. 
year 2006 2021 2036 2051 2066 2081 Total 

Cash 

flow ($) 4,949,758 437,306 437,306 437,306 437,306 437,306 7,136,288 

t -24 -9 6 21 36 51  
1/(1+i)t 2.876 1.486 0.768 0.397 0.205 0.106  
PV ($) 14,235,572 649,878 335,805 173,518 89,660 46,329 15,530,763 

 

Step 5: Calculate assigned cost to the overload using the following equation. 

Assigned cost = D x Life cycle cost of the deck 

Assigned cost per crossing the bridge is  

1.569E-06 (D) x $ 15,530,763 (NPV) = $24.36 

This cost should be added to the cost for deck usage calculated in the first examples. 
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6. SUMMARY 
 

Overload vehicle travelling across a bridge, even if it is a single crossing, may affect not 

only the short term behavior of the bridge but also the long term performance and life cycle cost 

of the bridge. Generally, special permits are issued to overload vehicles without considering their 

cumulative effect on bridge components but considering only the ultimate capacity of bridges. 

The cumulative damage occurring in the bridge may reduce the life of the bridge and induce 

unexpected fatigue failure of the bridge.  Therefore, it is suggested that the investigation of long 

term behavior of bridges might be considered when issuing permits in addition to the short term 

effects. 

 

Long term behavior of concrete decks and steel girder bridges subjected to overloads 

was investigated with a comparison to those subjected to the AASHTO HL93 truck which is used 

in design. Overloads which are safe considering short term strength can cause long term problems 

such as fatigue failure or reduction of bridge service life. 

 

It may be reasonable for the permit applicant to be responsible for the cost of repair, 

additional maintenance or reduced life of the bridges. The cost should be related to the total 

invested cost in the bridge including that to maintain the service life of the bridge. The concept of 

a life cycle cost is required to assess the assigned cost from the overload vehicle effects.  A 

procedure to calculate bridge life cycle cost is outlined for concrete decks and steel girder bridges 

to be used as a part of steps used to calculate assigned cost to the overloads. 

 

The means of assigning the cost was developed for concrete decks and steel girder 

bridges.  Damage of the bridge components due to the overload was calculated using S-N 

relations and Miner’s damage accumulation rule.  The assigned cost was calculated using the life 

cycle cost of the bridge component and the damage accumulated in the bridge component. 

 

The design concept for prestressed concrete girders is that cracking in the girders is 

prohibited under short term loading as well as long term loading.  Permits for the overload 

vehicles should not be issued for those inducing cracks in the girders. A process of checking 

allowable tensile stress of the girders should be employed.  Bridges with prestressed concrete 

girders were, therefore, excluded in this research.  
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Examples of assigning cost per crossing for bridges with overload vehicles were 

provided to illustrate practical application of the developed means to assign cost per overload. A 

first set of examples was performed for two pilot concrete decks and a second set of example was 

performed for two pilot steel girder bridges. 

 

The actual costs due to damage, from the overload vehicles crossing the selected 

example bridges, was minimal. The total cost due to damage of a concrete deck and the steel 

supporting girders, based on reduced fatigue life, can be expected to be less than $75 in most 

cases. In general use of the process for assigning the cost of damage described here will usually 

not be practical unless significant damage, and damage costs greater than $75, is expected. This is 

more likely to be the case in bridges designed for loads considerably less than the present 

AASHTO LRFD HL93 truck loading. 
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1. Plans for B180176 used for steel girder example 1 
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2. Plans for B180167 used for steel girder example 2 
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