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printed on June 24, 2003 LECTURE 17A - TIMBER DECKS 17A.1 OBJECTIVE OF THE LESSON The objective of this lesson is to introduce the provisions for the design of stress-laminated timber decks and steel girder splices to the student through design examples. In addition, an example for the calculations of thermal stresses in a two-span continuous concrete box girder is also included. 17A.2 STRESS-LAMINATED DECK EXAMPLE



Figure 17A.2-1 - Bridge Cross-Section Assumptions Simple Span Bridge Span length = 12 000 mm Total width = 8100 mm Clear width = 7200 mm Number of traffic lanes = 2 Thickness of bituminous wearing surface = 75 mm Thickness of future wearing surface = 40 mm Density of wearing surface = 2250 kg/m3 Density of hard wood = 960 kg/m3 Material: Douglas Fir-Larch, 75 mm thick laminations
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printed on June 24, 2003 Determination of minimum deck thickness: The Specification does not give a limit for the depth/span ratio for timber structures. However, the behavior of stresslaminated decks is close to that of simple span concrete slab bridges for which the Specification gives an optional minimum thickness of 1.2 (S + 3000/30). For a span length of 12 000 mm, the required thickness would be 600 mm. For the purpose of this example, a deck thickness of 550 mm was assumed as the actual depth of the laminates. Notice that the actual depth may be different from the nominal depth based on the type of wood cutting procedures. Design Moments For a simple span, maximum moments due to the weight of the structure, future wearing surface and uniform lane load occur at mid-span. Maximum moments produced by a series of concentrated loads, such as the case of the design truck and the design tandem, occur at a distance from mid-span equal to half the distance between the resultant of the concentrated loads and the load nearest to the resultant. The sections of maximum moments from the design truck and design tandem are located at 727.0 and 300.0 mm from mid-span, respectively. In general, as the span gets longer, the difference between the maximum moments and the mid-span moment gets smaller. For preliminary analysis, considering only the mid-span section should give sufficiently accurate design. Therefore, only mid-span moments were considered in this example.



Figure 17A.2-2 - Location of live load resultant All dead and live load moments are calculated for a 1.0 mm wide design strip.
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printed on June 24, 2003 Moments Due to Weight of Deck Intensity of the load = (960 x 10-9 Kg/mm3) x 550 mm x 9.81 m/sec2 = 5.18 x 10-3 N/mm



Figure 17A.2-3 - Design Dead Load Mid-Span Moment = 5.18 x 10-3 x (12 000)2/8 = 93 240 N mm Moment Due to Wearing Surface Combined thickness of initial and future wearing surfaces = 75 + 40 = 115 mm Intensity of uniform load = (2250 x 10-9) x 115 x 9.81 = 2.54 x 10-3 N/mm Mid-Span Moment = 45 720 N mm Live Load Moments Width of Equivalent Strip For decks where the primary load path is parallel to traffic, Article S4.6.2.3 applies (S4.6.2.1.3). Considering the following notations: E



=



width of equivalent strip per lane (mm)



L1



=



the lesser of actual span and 18 000 mm



W1



=



lesser of actual width of the bridge or 9000 mm for single-lane loading, or 18 000 mm for multi-lane loading



W



=



actual width of the bridge



NL



=



number of design lanes



Case of single-lane loaded: Lecture - 17A-3
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=



250 % 0.42 L1 W1



E



=



250 % 0.42 12 000 x 8100 ' 4391 mm



Case of multi-lane loading: W/NL =



8100 ' 4050 mm 2 W NL



E



=



2100 % 0.12 L1 W1 #



E



=



2100 % 0.12 12 000 x 8100 ' 3283mm
 0.95



(S1.3.2.1)



η = 0.95 x 0.95 x 0.95 = 0.857 Minimum allowed η = 0.95



(S1.3.2.1)



Therefore, use η = 0.95 Design factored moment, Mu = 643 150 x 0.95 Mu = 611 200 N mm Moment Resistance Assume No. 2 visually graded Douglas Fir-Larch with 75 mm thick laminations. Base resistance for bending, Fbo = 17 MPa



(S8.4.1.1.4)



Base modulus of elasticity, Eo = 10 000 MPa



(S8.4.1.1.4)



Size factor, CF = 1.0



(S8.4.4.2)



Moisture content factor, CM = 1.0



(S8.4.4.3)



Deck factor, CD = 1.5



(S5.4.4.4)



Nominal resistance, Fb = Fbo CF CM CD = 17 x 1.0 x 1.0 x 1.5 = 25.5 MPa



(S8.4.4.1)



Nominal modulus of elasticity E = Eo CM



(S8.4.4.1)



= 10 000 MPa For a 1.00 mm wide strip of a 550 thick deck Mn = FbS
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S'



bt 2 1.0 x (550)2 ' ' 50 417 mm 3 6 6



Mn = 25.5 x 50 417 = 1 286 000 N mm Resistance factor for moment φ = 0.85



(S8.5.2.2)



MR = φ Mn = 1 093 000 N mm MR > Mu = 611 000 N mm



OK



Design for Shear Shear need not be checked in stress-laminated deck. (S9.9.3.2) Deflections Maximum deflections from different loads do not occur at the same section. For example, maximum deflection from the truck load occurs at a section near the center of the span, while maximum deflection from dead loads and lane loads occur at midspan. For simplicity, all deflections are calculated at mid-span. For the purpose of this example, the effect of the curbs and barriers on the stiffness is ignored. The additional deflections due to the weight of prestressing bars and anchor plates are also ignored. Camber Dead Load Deflection: Deflection due to self-weight of the deck, wearing surface and future wearing surface:



∆DL '



5 WL 4 384 EI



where: W



=



weight of (deck + wearing surface, including future wearing surface)



=



(5.18 + 2.54) x 10-3 = 7.72 x 10-3 N/mm



L



=



12 000 mm



E



=



modulus of elasticity = 10 000 MPa Lecture - 17A-8
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=



∆DL



=



bt 3 1.0 x 5503 ' ' 13 864 583 mm 4 12 12 15.0 mm



Camber the deck a distance = 3∆DL = 45 mm



(S8.12.3)



Optional Criteria for Live Load Deflections Assume both design lanes loaded and the stiffness of the full-width of the bridge (8100 mm) is active in resisting deflection. (S2.5.2.6.2) Deflection due to uniform lane load: Load intensity from two lanes loaded = 2 x 9.3 = 18.6 N/mm



I'



bt 3 8100 x 5503 ' ' 1.123 x 1011 mm 4 12 12



∆lane load '



5 WL 4 ' 4.5 mm 384 EI



Deflection due to design truck: The dynamic load allowance is to be considered when calculating the deflection due to truck load. For the position of load shown in Figure 17A.2-6, ∆truck



=



16.4 mm including 16.5% dynamic load allowance



Figure 17A.2-6 - Position of Design Truck for Deflection Calculations Notice that the above position of the load was chosen for simplicity. Shifting the load may result in slightly larger deflections at mid-span and may be considered in the design of actual structure. Lecture - 17A-9



printed on June 24, 2003 Design live load deflection:



(S2.5.2.6.2)



Maximum design live load deflection is: •



Deflection due to design truck alone = 16.4 mm



(1)



•



Deflection due to uniform lane loading + 25% of the design truck = 4.5 + 16.4/4 = 8.6 mm (2)



Maximum design LL deflection = larger of (1) and (2) = 16.4 mm Limit on LL deflection in the optional deflection criteria = 1/425 (S2.5.2.6.2) Maximum deflection/span = 16.4/12 000 = 1/732 < 1/425 OK Design of prestressing system:



(S9.9.5.6.3)



Assume prestressing system similar to that shown in Figure 17A.27.



Figure 17A.2-7 - Channel Bulkhead Anchorage Configuration Requirements:



Rsw '



As sh



# 0.0016



Ppt = 0.7 hs PBu = φ FAB



Ppt



where: Rsw



=



the steel-wood ratio
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=



spacing of the prestressing elements (mm)



h



=



depth of deck (mm)



As



=



area of steel bar or strand (mm2)



Ppt



=



the prestressing force per prestressing element (N)



AB



=



the effective bearing area



PBU



=



factored compressive resistance of the wood under bulkhead (N)



φ



=



resistance factor for compression perpendicular to grain = 0.9 (S8.5.2.2)



F



=



2.93 for Douglas Fir-Larch



(Table S9.9.5.6.3-1)



Spacing of prestressing element is required to be greater or equal to 2.5 times the deck thickness or 15 times the hole diameter. (S9.9.5.4) Assume #35 prestressing bars with tensile strength, fpu, of 1035 MPa were used. Bar diameter = 35.7 mm Assume hole diameter, d = 50 mm Bar cross-sectional area, As = 1000 mm2 Assume bar spacing, S = 1400 mm



s 1400 ' ' 2.55 > 2.5 h 550



(S9.9.5.4)



s 1400 ' ' 28 > 15 d 50



(S9.9.5.4)



d 50 ' ' 0.091 < 0.2 h 550



(S9.9.5.4)



Allowable stress at transfer, fpt = 0.7 fpu = 724.5 MPa Allowable force per prestressing element, Ppt = 724.5 x 1000 = 724 500 N
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printed on June 24, 2003 Required force per prestressing bar = 0.7 hs = 0.7 x 550 x 1400 = 539 000 N < allowable force. Therefore, prestressing bar size is sufficient. Assume continuous channel bulkhead (Figure 17A.2-7) depth of the channel should be as close as possible to the depth of the deck. Assume MC460 x 86 (equivalent to MC18 x 58) depth =



457 mm



Factored compressive resistance of wood under bulkhead, PBu = 0.9 x 2.93 x 1400 x 457 = 1.69 x 106 N > Ppt OK The channel needs to be checked as a continuous beam of Spans S = 1400 mm under the effect of bearing pressure: Load factor for post-tensioning jacking force, γ = 1.2 (S3.4.3) Bearing load on channel =



γ Ppt S



'



1.2 x 539 000 ' 462 N/mm 1400



For continuous spans 1400 mm each:



M'Mpos Mneg



w 2 462(1400)2 ' '90.55 106 N mm 10 10



Assume fy = 350 MPa S = 87.1 x 103 mm3 MR = fy S = 350 x 87.1 x 103 = 30.49 x 106 N mm MR < M



NG



A stronger bulkhead is needed. Since the largest available channel was tried and was found not sufficient, a special built-up section may be required.
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printed on June 24, 2003 LECTURE 17B - SHIP COLLISION 17B.1 OVERVIEW OF VESSEL COLLISION PROVISIONS 17B.1.1 Background Information on the Development of Vessel Collision Guidelines Earlier editions of the AASHTO Standard Specifications for Highway Bridge Design do not contain guidelines for the design of bridges with respect to vessel collision. It was only after a marked increase in the frequency and severity of vessel collisions with bridges that studies of the vessel collision problem have been initiated. Catastrophic bridge failures due to vessel collision, such as those of the Causeway Bridge over Lake Pontchartrain, Louisiana (1964, 1974); Sidney Lanier Bridge, Georgia (1974); Tasman Bridge, Australia (1975), and Almo Bridge, Sweden (1980), have claimed several lives each. Overall, an average of one vessel bridge collision has occurred worldwide every year. The 1980 collapse of the Sunshine Skyway Bridge over Tampa Bay, Florida, which caused 35 fatalities was the impetus for several in-depth studies. Important steps in the development of modern ship collision design principles and specification include: •



In 1983, a "Committee on Ship/Barge Collision", appointed by the Marine Board of the National Research Council in Washington, D. C., published the findings of its study on the risk and consequences of ship collisions with bridges spanning navigable coastal waters in the U.S.



•



In June 1983, a colloquium on "Ship Collision with Bridges and Offshore Structures" was held in Copenhagen under the auspices of the International Association for Bridge and Structural Engineering (IABSE) to bring together latest developments on the subject.



•



In 1984, "Criteria for the Design of Bridge Piers with Respect to Vessel Collision in Louisiana Waterways" was developed for the Louisiana Department of Transportation and Development and the Federal Highway Administration by Modjeski and Masters, Inc., Consulting Engineers.



•



In 1988, a pooled-fund research project was sponsored by 11 states and the Federal Highway Administration to develop vessel collision design provisions applicable to all of the U. S. The final report of this project, for which Greiner Engineering was the principal investigator, was adopted by AASHTO as a Guide Specification in February 1991.
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In 1993, "Ship Collision with Bridges - The Interaction between Vessel Traffic and Bridge Structures" structural engineering document was published by the International Association for Bridge and Structural Engineering (IABSE). This document includes the latest research findings to-date.



Research work in the area of vessel collision with bridges continues. Several aspects, such as the magnitude of the collision loads to be used in design, are not yet well established. As further research results become available, appropriate code updates could be expected. 17B.1.2 Background Information on the Main Factors Affecting the Vessel Collision Problem The main factors affecting the risk and the consequences of vessel collisions are related to the vessel, waterway and bridge characteristics. 17B.1.2.1 VESSEL CHARACTERISTICS General knowledge on the operation of vessels and their characteristics is essential for safe bridge design. The types of vessels using the U. S. waterways include ships and barges. The consequences of a ship or barge collision with a bridge are affected by factors, such as the vessel size, type, loading condition, speed and direction. 17B.1.2.1.1 Ships Ships use deep draft waterways. Their size may be determined based on the deadweight tonnage (DWT) (1 tonne = 1000 kg). The DWT is the mass of cargo that the vessel can carry when fully loaded. There are three main classes of ships: bulk carriers, product carriers/tankers and freighter/containers. Appendix A, Typical Ship Characteristics, contains information on ship profiles, dimensions and sizes. The ship characteristics are listed as a function of the class of ship and its deadweight tonnage. They include typical ship lengths, beams and bow depths. Ship drafts, displacement tonnages, mast and deck house clearance heights are given for both fully-loaded and ballasted conditions. These dimensions are typical values, and due to the large variety of existing vessels, they should be regarded as averages. The steering of ships in coastal waterways is a difficult process. It involves constant communications between the ship master, the helmsman and the engine room. There is a time delay before a ship starts responding to an order to change speed or course, and the response of the ship itself is quite slow. Therefore, Lecture - 17B-2



printed on June 24, 2003 the ship master has to be familiar with the waterway and be aware of obstructions, navigation and weather conditions in advance. Very often local pilots are used to navigate the ships through a given portion of a coastal waterway. When the navigation conditions are difficult, tug boats are used to assist ships in making turns. Ships need speed to be able to steer. Therefore, the speed of ships going downstream can be quite high, at least 8 km/hr over the stream velocity. Fully-loaded ships are more maneuverable, and in deep water they are directionally stable and can make turns with a radius equal to 1 to 2 times the length of the ship. However, as the underkeel clearance decreases to less than half the ship's draft, many ships tend to become directionally unstable, which means that they require constant steering to keep them traveling in a straight line. In the coastal waterways of the U. S., the underkeel clearance of many laden ships may be far less than this limit, in some cases as small as 5% of the ship's draft. Ships riding in ballast with shallow draft are less maneuverable than loaded ships, and, in addition, they can be greatly affected by winds and currents. 17B.1.2.1.2 Barges Barges use both the deep draft and the shallow draft waterways. The majority of the existing bridges cross shallow draft waterways where the vessel fleet comprises barges (with tugs or tows) only. The size of barges is usually determined based on the cargo carrying capacity in U. S. tons (1 U. S. ton = 910 kg). The types of inland barges include open and covered hoppers, deck barges and tank barges. They are rectangular in shape and their dimensions are quite standard so they can travel in tows. The number of barges per tow can vary from 1 to over 20 and their configuration is affected by the conditions of the waterway. In most cases, the tows are pushed by a tug. Appendix B, Typical Barge Characteristics, contains information on barge dimensions and capacity, as well as barge tow configurations. It is very difficult to control and steer barge tows, especially in waterways with high stream velocities and cross currents. Taking a turn in a fast waterway with high current is a dangerous undertaking. Sometimes bridge piers and fenders are used to lineup the tow before the turn. The licensing requirements for tug boat operators are much less stringent than those for pilots or ship masters. Bridges located in a high velocity waterway near a bend in the channel will probably be hit by barges several times during their lifetime. In general, there is a high likelihood that any bridge element that can be reached by a barge will be hit during the life of the bridge.
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printed on June 24, 2003 17B.1.2.2 WATERWAY CHARACTERISTICS The determination as to whether a waterway is navigable is usually made by the U. S. Coast Guard. The characteristics of the waterway in the vicinity of the bridge site also have a great influence on the risk of vessel collision. The width and depth of the navigation channel, the stream velocity, the channel alignment, its cross-section geometry, the water elevation and the hydraulic conditions at the bridge site are all factors that must be taken into account. They will be further discussed in the next sections. 17B.1.2.3 BRIDGE CHARACTERISTICS The bridge characteristics to be considered in design for vessel collision are related to the bridge layout, geometry and strength. Ideally, all bridge elements should be out of the reach of vessels navigating the waterway. The bridge piers should be located outside the waterway, and the superstructure should be high enough to clear all vessels. However, economic and engineering constraints limit the span of bridges and their vertical clearance. In general, bridge piers can be designed for or protected from vessel collision. However, it is usually not economically feasible to design bridge superstructures for vessel collision. 17B.1.3 Initial Planning It is very important to consider the vessel collision aspect as early as possible in the planning process for a new bridge, since it can have a significant effect on the total cost of the bridge. Decisions related to the bridge location, its type and its layout should take into account the waterway geometry, the navigation channel layout and the vessel traffic. The location of a bridge structure over a waterway is usually predetermined based on other considerations. However, whenever possible, the following guidelines should be followed: •



Bridges should be located away from turns in the channel. The distance to the bridge should be such that vessels can "shape up" before passing the bridge, usually at least eight times the length of the vessel. An even larger distance is preferable when high currents and winds are likely at the site. Local vessel pilots may be consulted on this issue.



•



The bridge should be designed to cross the navigation channel at right angles and should be symmetrical with respect to the channel.
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An adequate distance should exist from locations with congested navigation, berthing maneuvers or other navigation problems.



•



Locations where bridge piers can be placed in shallow water, so that they cannot be reached by vessels out of control before grounding, should be preferred.



The layout of the bridge should maximize the horizontal and vertical clearances for navigation. Piers should be placed away from the reach of vessels. The bridge should not be a hazard to navigation. Bridge protection alternatives should also be considered during the initial planning phase. Finding the optimum bridge layout for different degrees of protection is an iterative process which is further discussed in the next sections. 17B.1.4 General Provisions 17B.1.4.1 OBJECTIVE OF SPECIFICATIONS The objective of the vessel collision specifications is to minimize the risk of catastrophic failure due to a collision of a ship or barge with a bridge component. This objective may be achieved by: •



placing the bridge components away from vessel reach



•



designing the bridge components exposed to collision to resist collision forces, and/or



•



providing adequate protection, either independent of the bridge or integral with the bridge.



The magnitude of the collision loads a bridge may be subjected to is uncertain, and there is a large variation in their estimations. Since designing for the largest load caused by collision with the largest vessel that may travel the waterway is economically undesirable, a certain amount of risk is considered as acceptable so that lower load levels can be specified. 17B.1.4.2 FLOW CHART FOR THE DESIGN OF BRIDGE COMPONENTS FOR VESSEL COLLISION The steps in the design of bridge components for ship collision are summarized in the flow chart in Figure 17B.1.4.2-1.
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Figure 17B.1.4.2-1 - Flow Chart for Design for Vessel Collision 17B.1.4.3 APPLICABILITY OF SPECIFICATIONS The vessel collision specifications apply to bridge components in navigable waterways with a water depth of over 0.6 m. The vessels considered include merchant ships larger than 1000 DWT and typical inland barges. The premise of the specifications is that if a bridge component can be reached by a vessel it should be designed for vessel collision.
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printed on June 24, 2003 17B.1.4.4 DATA COLLECTION The data collection process is an important and, sometimes the most time consuming, part of designing a bridge for vessel collision. The data needed for this purpose include: •



Types of vessels and size distributions



•



Typical vessel speeds and loading conditions



•



Geometry of the waterway and navigation channel



•



Stream velocity, hydraulic and environmental conditions



In order to determine the vessel size distribution at the bridge site, detailed information is needed on the present and projected vessel traffic. Some of the sources for collecting data are listed below: •



U. S. Army Corps of Engineers, District Offices,



•



Port Authorities and Industries along the Waterway,



•



Local Pilot Associations Organizations,



•



U. S. Army Corps of Engineers, "Products and Services Available to the Public", Water Resources Support Center, Navigation Data Center, Fort Belvoir, Virginia, NDC Report 89-N-1, August 1989,



•



U. S. Army Corps of Engineers, "Waterborne Commerce of the United States (WCUS), Parts 1 through 5", Water Resources Support Center (WRSC), Fort Belvoir, Virginia,



•



U. S. Army Corps of Engineers, "Lock Performance Monitoring (LPM) Reports", Water Resources Support Center (WRSC), Fort Belvoir, Virginia,



•



Shipping registers, such as American Bureau of Shipping Register, New York, and Lloyd's Register of Shipping, London, and



•



National Oceanic and Atmospheric Administration (NOAA), "Tide Tables; Tidal Current Tables; Tidal Current Charts; U.S. Coast Pilots; Distance Tables and Nautical Charts", National Ocean Services, Rockville, Maryland.



and



Merchant



Marine
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printed on June 24, 2003 Additionally, the U. S. Coast Guard should be contacted regarding site specific accident history and known navigation problems or aberrancy. The Coast Guard can sometimes also provide an indication of cargo classification, which may relate to fender flexibility or spark prevention. 17B.1.5 Minimum Impact Requirements The minimum impact load for substructure design should be that of a single empty hopper barge (10.7 m x 60 m), with a displacement of 180 metric tons drifting at a velocity equal to the yearly mean current at the bridge site. The minimum impact load for the design of a superstructure that is not high enough to clear ships in a deep draft waterway may be taken as the impact load specified for ship mast collision in Article S3.14.10.3. 17B.1.6 Design Vessel Selection The selection of a typical vessel for bridge design is based on an "acceptable" risk level and a collision risk model. An iterative procedure is specified, in which a trial design vessel is selected for each bridge component exposed to collision and a resulting annual frequency of bridge component collapse is computed as explained in Section 17B.1.6.2. The value obtained is compared to the "acceptable" annual frequency of bridge component collapse, and, if different, a new design vessel associated with a new pier strength requirement is selected and the process is repeated. The design vessel selection procedure may be summarized as follows (see also the design procedure flow chart): Step 1 - Make an initial design vessel selection (see Section 17B.1.2.1) Step 2 - Determine preliminary bridge element strength Step 3 - Compute vessel collision loads for each of the vessel size categories selected (see Section 17B.1.7) Step 4 - Compute annual frequency of bridge element collapse for each vessel size category (see Section 17B.1.6.2) Step 5 - Compare the sum of the annual frequency of bridge element collapse for all vessel size categories to the acceptable annual frequency of bridge element collapse (see Section 17B.1.6.1)
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printed on June 24, 2003 Step 6 - If the annual frequency of bridge element collapse is not satisfactory, revise the bridge element strength, determine the vessel size that is associated with a collision load equal to the new bridge element strength and go back to Step 3. 17B.1.6.1 ACCEPTABLE ANNUAL FREQUENCY OF BRIDGE ELEMENT COLLAPSE For critical bridges, the maximum annual frequency of whole bridge collapse was set at 0.0001. Critical bridges are defined as those bridges that are expected to continue to function after an impact, because of social/survival or security/defense requirements. For regular bridges, the maximum annual frequency of bridge collapse was set at 0.001. The acceptable annual frequency of collapse for each bridge element exposed to vessel collision is computed as follows: •



For waterways whose width is less than 6.0 times the length overall of the design vessel, LOA, the acceptable annual acceptable frequency of collapse for each pier and superstructure component is determined by distributing the annual acceptable frequency of bridge collapse among all the exposed piers and superstructure components. The simplest such distribution would be to divide the annual acceptable frequency of collapse by the number of exposed components within 6.0 times LOA. A more rational process would be to assign low frequencies to more critical components and distribute the remainder to less critical components.



•



For wide waterways, whose width is greater than 6.0 times LOA, the acceptable risk is distributed only over those bridge elements that are located within a 3.0 times LOA band on each side of the centerline paths for inbound and outbound vessel transit.



The acceptable levels of risk for bridge collision design were established subjectively by comparing them to risks associated with natural disasters and other engineering projects. The risk of vessel collision with a bridge refers to both its probability of occurrence and the severity of its consequences. 17B.1.6.2 ANNUAL FREQUENCIES OF BRIDGE ELEMENT COLLAPSE The annual frequency of collapse of a bridge element, AF, is computed from:



Lecture - 17B-9



printed on June 24, 2003 AF



=



(N) (PA) (PG) (PC)



(17B.1.6.2-1)



bridge strength/impact load bridge/waterway geometry navigation conditions vessel traffic where: N



=



annual number of vessels classified by type, size and loading condition which can strike a bridge element



PA



=



probability of vessel aberrancy



PG



=



geometric probability of a collision between an aberrant vessel and a bridge pier or span



PC



=



probability of bridge collapse due to a collision with an aberrant vessel



17B.1.6.2.1 General Remarks It is mainly the geometric probability term, PG, that the designer will vary to achieve the acceptable annual frequency of collapse. The designer also controls the probability of collapse, PC, which varies with the bridge strength to impact load ratio. The impact load, in turn, varies with the design vessel. Once the layout and the structural characteristics of the bridge have been selected, the selection of design vessels is done through several iterations. If adjustments in the bridge characteristics are made, the iteration process is repeated. In order to reduce the number of iterations, the initial trial design vessel for the main piers may be selected based on a vessel size that has over 50 passages per year for critical bridges and over 200 passages per year for regular bridges. It should be noted that the water depth at the location of the piers limits the vessels that can reach these piers. 17B.1.6.2.2 Vessel Traffic Distribution, N The number of vessels, N, passing under the bridge based on size, type and loading condition and available water depth has to be developed for each pier and span component to be evaluated. All vessels of a given type and loading condition have to be divided into discrete groupings of vessel size by DWT. It is recommended that the DWT intervals used not exceed 20 000 DWT for vessels
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printed on June 24, 2003 smaller than 100 000 DWT and 50 000 DWT for ships larger than 100 000 DWT. Once the vessels have been grouped and their frequency distribution has been established, information on typical vessel characteristics may be obtained from Appendices A and B, as a function of the vessel size in DWT, or from site specific vessel surveys. 17B.1.6.2.3 Probability of Aberrancy, PA The probability of vessel aberrancy reflects the likelihood that a vessel would be out of control in the vicinity of a bridge. This may occur as a result of pilot error, mechanical failure, or adverse environmental conditions. The probability of aberrancy is mainly related to the navigation conditions at the bridge site. The designer does not have much control over this, except to locate the bridge away from navigation hazards, as explained in Section 17B.1.4. Vessel traffic regulations, vessel traffic management systems and aids to navigation can improve the navigation conditions and reduce the probability of aberrancy. The probability of vessel aberrancy may be evaluated based on site specific information that includes historical data on vessel collision, rammings and groundings in the waterway, vessel traffic, navigation conditions and bridge/waterway geometry. As an alternative, the Specification recommends the following formulation: PA



=



(BR) (RB) (RC) (RXC) (RD)



PA



=



probability of aberrancy



BR



=



aberrancy base rate



RB



=



correction factor for bridge location



RC



=



correction factor for currents acting parallel to vessel transit path



RXC



=



correction factor for cross currents perpendicular to vessel transit path



RD



=



correction factor for vessel traffic density



(17B.1.6.2.3-1)



where:



acting



The recommended base rates, BR, are 0.6 x 10-4 for ships and 1.2 x 10-4 for barges. Lecture - 17B-11



printed on June 24, 2003 The correction factor for bridge location, RB, is related to existence of a turn or a bend in the channel as shown in Figure 17B.1.6.2.3-1. It is computed as follows: •



Straight Region: For a bridge located in a straight region: RB ' 1.0 (17B.1.6.2.3-2)



•



Transition Region: For a bridge located in a transition region, RB can be computed by: θ RB ' 1 % (17B.1.6.2.3-3) 90 where:



θ •



=



angle of the turn (degrees)



Turn/Bend Region: For a bridge located in a turn or bend region, RB can be computed by:



RB ' 1 %



θ 45



(17B.1.6.2.3-4)



The correction factor for currents acting parallel to vessel transit path, RC, can be computed from: v RC ' 1 % c (17B.1.6.2.3-5) 19 where: VC



=



current component parallel to vessel path (km/hr)
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Figure 17B.1.6.2.3-1 - Waterway Regions for Bridge Location The correction factor for cross currents acting perpendicular to vessel transit path, RXC, can be computed from: Lecture - 17B-13
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RXC ' 1.0 % 0.54 VXC



(17B.1.6.2.3-6)



where: VXC



=



current component perpendicular to vessel path (km/hr)



The correction factor for vessel traffic density, RD, in the waterway can be estimated as follows: •



Low Density, RD = 1.0: vessels rarely meet, pass, or overtake each other in the immediate vicinity of the bridge.



•



Average Density, RD = 1.3: vessels occasionally meet, pass, or overtake each other in the immediate vicinity of the bridge.



•



High Density, RD = 1.6: vessels routinely meet, pass, or overtake each other in the immediate vicinity of the bridge.



The probability of aberrancy has been determined for various bridge projects worldwide, as shown in Table 17B.1.6.2.3-1.
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printed on June 24, 2003 Table 17B.1.6.2.3-1 - Summary of Probability of Aberrancy, PA, Values



LOCALITY



TYPE OF DATA



PROBABILITY OF VESSEL ABERRANCY (x10-4)



Dover Straits - Collisions



Statistics



5 to 7



Dover Straits - Groundings



Statistics



1.4 to 1.6



Japanese Straits - Groundings



Statistics



0.7 to 6.7



Japanese Straits - Collisions



Statistics



1.3



Worldwide



Statistics



0.5



Tasman Bridge, Australia



Estimate



0.6 to 1.0



Great Belt Bridge, Denmark



Estimate



0.4



Sunshine Skyway Bridge, Florida



Statistics Statistics



1.3 (Ships) 2.0 (Barges)



Annacis Island Bridge, Canada



Estimate



3.6



Francis Scott Key Bridge & William Preston Lane Bridges, Maryland



Statistics



1.0 (Ships) 2.0 (Barges)



Dames Point Bridge, Florida



Statistics



1.3 (Ships) 4.1 (Barges)



Laviolette Bridge, Canada



Statistics



0.5



Centennial Bridge, Canada



Statistics



5.0



Louisiana Waterways



Statistics



0.8 to 1.9 (Ships) 1.5 to 3.0 (Barges)



Gibraltar Straits - Strandings, Morocco



Statistics



2.2



Gibraltar Straits - Strandings, Morocco



Statistics



1.2



17B.1.6.2.4 Geometric Probability, PG The geometric probability is the probability that a vessel that has lost control while approaching a bridge will hit a given bridge element. It is mainly a function of the geometry of the bridge and the waterway. There are several other factors that can affect the likelihood that an aberrant vessel will strike a bridge element. They include the original vessel location, course, rudder position and velocity at the time of failure, the type, size, dimensions, draft and maneuvering characteristics of the vessel, and the hydraulic and environmental conditions at the bridge site.



Lecture - 17B-15



printed on June 24, 2003 A normal probability density function about the centerline of the vessel transit path is recommended for estimating the likelihood of an aberrant vessel being within a certain impact zone along the bridge axis, as shown in Figure 17B.1.6.2.4-1. Using a normal distribution accounts for the fact that aberrant vessels are more likely to pass under the bridge closer to the navigation channel than further away from it. The standard deviation of the distribution equals the length of the design vessel, LOA, and, bridge elements beyond three times the standard deviation from the centerline of vessel transit path need not be included in the analysis (other than the minimum impact requirements, see Section 17B.1.5). For simplicity, the vessel length of the initial trial design vessel (see Section 17B.1.6.2.1) may be used for LOA. The probability that an aberrant vessel is located within a certain zone is the area under the normal probability density function within that zone, which can be computed from a normal probability function table, such as the one included in Lecture 1.



Figure 17B.1.6.2.4-1 - Geometric Probability of Pier Collision Lecture - 17B-16



printed on June 24, 2003 17B.1.6.2.5 Probability of Collapse, PC The probability of collapse, PC, has been introduced to account for the large uncertainties in the vessel collision impact loads, P, and the ultimate strength of a bridge element, H. A complimentary probability of collapse distribution as a function of the ratio H/P is assumed that results in the following relationships: •



For 0.0 # H/P applied stress range



load



OK



Moments due to the unfactored permanent load at Section 1 produce compressive stresses at the top surface of the concrete section. Fatigue truck moments at Section 1 always have positive sign and, hence, produce compressive stresses at the top surface of the section. Therefore, no need to check fatigue in the top reinforcement at Section 1. Design of Reinforcement at the Top Corner a.



Determination of required reinforcement at Section 3 (negative moment in top slab, f'c = 28 MPa)



Maximum negative factored moment, Mu = η [0.9 DL + 1.75 LL + 1.35 EH + 1.75 LS]



Work Period #2 - 23



printed on June 24, 2003 0.95 x [0.9 x 5147 + 1.75 x (-2536) + 1.35 x (-20528) + 1.75 (-1424)] = -49 818 N mm/mm Concurrent axial force = 0.95 x [0.9 x 3 + 1.75 x (-2) + 1.35 x (-29) + 1.75 x (-14)] = -58 N/mm Assuming #15 bars



d ' 320 & 60 &



16 ' 252 mm 2



By calculating the required area of reinforcement Maximum allowed spacing of #15 bars = 270 mm



ρ'



200 ' 0.0029 > ρmin ' 0.0021 270 x 252



a'



200 x 400 ' 12.45 mm 270 x 0.85 x 28



c'



a ' 14.65 mm 0.85



c 14.65 ' ' 0.06 < 0.42 d 252



OK



OK



Minimum required reinforcement = #15 @ 270 mm



(1)



b.



Determination of required reinforcement at Section 4 (negative moment near the top of wall)



f'c



=



fr



=



24 MPa



0.63 fc ' 3.09 MPa



Work Period #2 - 24
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ρmin



0.03



=



fc fy



' 0.0018



Maximum negative factored moment, Mu = η [1.25 DL + 1.5 FWS + 1.75 LL + 1.35 EH + 1.75 LS] = 0.95 x [1.25 x (-3360) + 1.5 x (-750) + 1.75 x (-21 073) + 1.35 x (-7609) + 1.75 x (-13 177)] = -71 760 N mm/mm Concurrent axial force = 0.95 [1.25 x (-21) + 1.5 x (-3) + 1.75 x (-46) +0 + 1.75 x (-5)] = -114 N/mm Due to the relatively larger axial force in the walls, the effect of the axial force at the strength limit state will be considered. Resistance factor for sections subjected mainly to axial compression = 0.75 (S5.5.4.2.1) Resistance factor for sections subjected mainly to moment (S5.5.4.2.1) = 0.9 For sections subjected to moment and axial compression simultaneously, the resistance factor φ decreases linearly from 0.9 to 0.75 as the axial load resistance φ Pn increases from 0 to 0.1 f'c Ag. (S5.5.4.2.1) 0.1 f'c Ag = 0.1 x 24 x 260 = 624 N At Section 4: Pu = 114 N = φ Pn < 0.1 f'c Ag



φ ' 0.9 &



φ ' 0.9 &



Pu 0.1 fc Ag



x (0.9&0.75)



114 x (0.9&0.75) ' 0.872 624



Assuming #15 @ 210 mm



d ' 260 & 50 &



16 ' 202 mm 2
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T'



200 x 400 ' 381 N/mm 210



C'T%



a'



Pu φ



' 381 %



C 0.85 fc



Mn ' T d &



a 2



114 ' 514 N/mm 0.872



514 ' 25.2 mm 0.85 x 24



'



%



Pu φ



d a & 2 2



25.2 114 202 25.2 % & 2 0.872 2 2 ' 83 720 N mm/mm



Mn ' 381 202 &



φ Mn ' 0.872 x 83 720 ' 73 000 N mm/mm φ Mn > Mu ' 71 760 N mm/mm OK



ρProvided '



c'



200 ' 0.0047 > ρmin ' 0.0018 210 x 202



OK



a 25.2 ' ' 29.65 mm 0.85 0.85



c 29.65 ' ' 0.15 < 0.42 d 202



OK



Minimum required reinforcement at Section 4 = #15 @ 210 mm(2) Maximum allowed spacing of #15 bars to satisfy strength requirements for both the top slab and the walls near the top corner = the smaller of (1) and (2) = 210 mm



Work Period #2 - 26



printed on June 24, 2003 Check for Crack Control Under Service Load near the Top Corner a.



At Section 3



Service load moment = DL + LL + EH + LS = 5147 - 2536 - 20 528 - 14 241 = -32 158 N mm/mm Concurrent axial force = 16 + 44 + 0 + 5 = 65 N/mm Assuming 10 mm of wear took place at the top surface, tensile stress in the concrete assuming uncracked section =



65 32 158 ' 2.22 MPa< 0.8 fr ' 2.67 MPa % 310 (310)2/6 No need to check for crack control under service load. (S5.7.3.4) b.



At Section 4



Maximum service load moment = DL + FWS + LL + EH + LS = -45 970 N mm/mm Concurrent axial load = -75 N/mm Tensile stress in the concrete assuming uncracked section =



&75 45 970 % ' 3.79 MPa > 0.8 fcr ' 2.67 MPa 260 (260)2/6 Crack control check is required



(S5.7.3.4)



Clear concrete cover = 50 mm dc = 50 mm cover + 8 mm bar diameter = 58 mm For buried structures Z = 17 500 N/mm



fsa '



(S5.7.3.4)



Z 17 500 ' ' 156.0 MPa 1/3 dc A (58 x 58 x 210 x 2)1/3
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printed on June 24, 2003 For concrete with f'c = 24 MPa, the modular ratio n=9 x



=



57.56 MPa



fs



=



232.8 MPa > fsa



Reinforcement spacing needs to be reduced



Reduce reinforcement spacing to 150 mm x = 65.88 mm fsa



=



174.5 MPa



fs



=



171.2 MPa < fsa



OK



Use #15 @ 150 mm Check of Fatigue in Reinforcement Bars a.



At Section 3



Maximum moment due to unfactored permanent load = 5147 +298 -20 528 = -15 083 N mm/mm Concurrent axial force = 3 +0 -29 = -26 N/mm Maximum negative moment produced by the fatigue truck = -1041 N mm Concurrent axial force = -1.0 N/mm Maximum positive moment produced by the fatigue truck (from Table 2) = 15 770 N mm/mm Concurrent axial force = 1 N/mm



Work Period #2 - 28



printed on June 24, 2003 The unfactored permanent loads produce tension at the top surface of the slab, therefore, check of fatigue in the negative moment reinforcement at this section is required. Maximum negative moment due to permanent load and 1.5 fatigue truck = -15 083 -1.5 x 1041 = -16 644 N mm/mm Concurrent axial force = -26 -1.5 x 1.0 = -27.5 N mm/mm Maximum tensile stress in the concrete under permanent load and 1.5 the fatigue truck =



&27.5 16 644 % ' 0.95 MPa = 1.15 MPa < 0.25 /f' = c 310 (310)2/6 1.32 Therefore, the section properties for fatigue check do not need to be based on the cracked section (S5.5.3.2). Where the section properties are based on the uncracked section, the steel stresses will be equal to the stress in the adjacent concrete multiplied by the modular ratio. For simplicity, use the concrete gross section properties. Maximum tensile stress in the steel due to 0.75 fatigue truck



P Mc % A I &1 x 150 (1041 x 150) x (310/2 & 58) ' .75 x 8 % 310 x 150 ((310)3 x 150)/12 ' 0.75n



= 0.22 MPa Minimum stress in the steel due to 0.75 fatigue truck =



0.75 x 8 x



1.0 x 150 (15 770 x 150) x (310/2 & 58) & ' &3.68 MPa 310 x 150 ((310)3 x 150)/12



Similarly, minimum stress in the steel due to 0.75 fatigue truck, plus dead load, fmin = 0.05 MPa Stress range



=



0.22 + 3.68 = 3.90 MPa



Allowable stress range



=



145 - 0.33 fmin + 55 (r/h)



=



145 - 0.33 x (0.05) + 55 x 0.3
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printed on June 24, 2003 =



161.5 MPa > applied stress range = 3.90 MPa OK



In general, when the tensile stress from the permanent loads and 1.5 the fatigue truck is less than 0.25/f'c, the applied stress range will always be below the allowable stress range and, hence, there is no need to check fatigue in the reinforcement.



Work Period #2 - 30



printed on June 24, 2003 b.



At Section 4



Moment due to unfactored permanent loads = -3360 -750 -7609 = -11 719 N mm/mm Concurrent axial force = -20 -3 + 0 = -24 N/mm Maximum negative moment produced by the fatigue truck = -10 372 N mm/mm Concurrent axial force = -23 N/mm No positive moment was produced by the fatigue truck. Tensile stresses exist in the negative moment reinforcement under permanent loads. Therefore, check of fatigue in these bars is required (S5.5.3.1). Maximum moment due to unfactored permanent load and 1.5 fatigue truck = -11 719 - 1.5 x 10 372 = 27 277 N mm/mm Concurrent axial force = -24 -1.5 x 23 = -58.5 N Tensile stress in the concrete assuming uncracked section =



&58.5 27 277 ' 2. 42 MPa > 0.25 fc ' 1.22 MPa % 260 (260)2/6 Check for fatigue is required to be based on cracked section. (S5.5.3.1)



Maximum fatigue factored moment (including dead load) = -11 719 -0.75 x (10 372) = -19 498 N mm Concurrent axial force



=



-24 -0.75 x (23) = -41 N/mm



X



=



68.9 mm



ITrans



=



47.1 x 106 mm4



fs



=



63.29 MPa



Similarly, minimum stress in the reinforcement, produced by the dead load alone, can be calculated as fmin = 38.30 MPa Applied stress range =



63.29 - 38.30 =



24.99 MPa
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=



145 - 0.33 fmin + 55 (r/h)



=



145 - 0.33 x 38.3 + 55 x 0.3 = 148.9 MPa > applied stress range OK



The neutral axis of the cracked section for fatigue load analysis was determined assuming the section is subjected only to the factored moment and axial force produced by the fatigue truck. Due to the small value of the axial force, the designer may choose to ignore the effect of the axial force, and the location of the neutral axis becomes a property of the section that is not dependant on the applied forces. On the other hand, when determining the location of the neutral axis, the designer may chose to consider the force effects of the permanent loads, in addition to the force effect of the fatigue truck. In all cases, the fatigue stress range should be determined using 0.75 the fatigue truck effects. In addition to the above analysis, the reinforcement required to resist the positive moment at Sections 3 and 4 need to be checked for strength, service and fatigue limit states. In most cases, the reinforcement extending from the positive moment regions of the top slab and the wall will be sufficient to satisfy all requirements. Positive Moment at Mid-Span of the Walls, Section 6 Mu = η [0.9 DL + 1.35 EH + 1.75 LS] Mu = 0.95 [0.9 x (-9165) + 1.35 x 29 888 + 1.75 x 9942] Mu = 47 023 N mm/mm Concurrent axial force = 0.95 (0.9 x -33 + 0 +0) = -28 N/mm Assuming #15 bars Required reinforcement: #15 @ 310 mm



ρ'



200 ' 0.0032 > ρmin ' 0.0018 310 x 202



a



=



12.7 mm



c



=



a/0.85 = 14.9 mm



c < 0.42 d



OK



OK
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printed on June 24, 2003 Service load moment = -9165 + 29 888 + 9942 = 30 665 N mm/mm Concurrent axial force = -33 N/mm Tensile stress in the concrete assuming uncracked section =



&33 30 655 % ' 2.59 MPa > 0.8 fr ' 2.47 MPa 260 (260)2/6 Therefore, check for cracking under service load is required.



x



=



46.87 mm



fs



=



233.1 MPa



dc



=



58 mm



fsa '



17 500 ' 137.0 MPa < fs N.G. (58 x 2 x 58 x 310)1/3



Reduce reinforcement spacing to 200 mm x



=



56.4 mm



fs



=



155 MPa



fsa



=



158.5 MPa > fs



OK



Check for negative moment at Section 6: Mu



=



η[1.25 DL + 1.5 FWS + 1.75 LL + 0.5 EH]



=



0.95 x [1.25 x (-9165) + 1.5 x (-750) + 1.75 x (-18 069) + 0.5 x 29 888] = - 27 800 N mm/mm
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printed on June 24, 2003 Concurrent axial force = 0.95 x [1.25 x (-33) + 1.5 x (-3) + 1.75 x (80) + 0] = -176 N/mm Required reinforcement to satisfy strength requirements = #15 @ 1200 mm



ρ'



200 ' 0.0083 < ρmin ' 0.0018 N.G. 1200 x 202



Provide ρmin = 0.0018 Minimum required reinforcement = #15 @ 550 mm The actual reinforcement will be determined after the negative moment reinforcement at both the top and bottom corners are determined. Negative moment reinforcement at the mid-point of the wall is usually provided by extending some of the negative moment reinforcement at the top and bottom corners to the center portions of the wall. The spacing of this reinforcement should satisfy the maximum spacing requirement of Article S5.10.3.2. Determination of Required Reinforcement at the Bottom Corner a.



At Section 8 (negative moment at bottom of wall)



Mu



=



η x [1.25 DL + 1.5 FWS + 1.75 LL + 1.35 EH + 1.75 LS]



=



0.95 x [1.25 x (-14 970) + 1.5 x (-750) + 1.75 x (-23 716) + 1.35 x (-2636) + 1.75 x (-17 207)] = -90 260 N mm/mm



Concrete axial force = 0.95 [1.25 x (-46) + 1.5 x (-3) + 1.75 x (-75) + 1.35 x (0) + 1.75 x 5] = -175 N/mm



φ ' 0.9 &



Pu x (0.9&0.75) 0.1 Ag fc



' 0.9 &



175 x (0.9& 0.75) 0.1 x 260 x 24



' 0.858 Minimum allowed reinforcement to satisfy strength requirement = #15 @ 160 mm (3)
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ρprovided '



200 ' 0.0062 > ρmin ' 0.0018 160 x 202



a



=



24.5 mm



c



=



28.8 mm



c < 0.42 d



OK



b.



OK



At Section 9 (negative moment at end of bottom slab)



Assume #15 bars



d



Mu



=



t - bottom cover - 1/2 bar diameter - 10 mm for wearing at top surface



=



320 - 75 - 8 - 10 = 227 mm



=



η x [0.9 DL + 1.35 EH + 1.75 LS]



=



0.95 [0.9 x 2134 + 1.35 x (-25624) + 1.75 x (-22476)] = 68 400 N mm/mm



Concurrent axial force = 0.95 [0.9 x (-3) + 1.35 (-58) + 1.75 x (7)] = -65 N/mm Ignore the bottom 25 mm in all calculations. This is done to account for the uneven bottom surface and for the low quality of the concrete directly in contact with the soil. teffective =



320-10-25 = 285 mm



0.1 f'c Ag



=



0.1 x 24 x 285



=



684 N
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φ



=



=



0.9 &



Pu x (0.9&0.75) 0.1 fc Ag



0.886



Minimum allowed reinforcement to satisfy strength requirements = #15 @ 240 mm (4) From (3) and (4), minimum allowed reinforcement at the bottom corner to satisfy strength requirements for both the wall and bottom slab is #15 @ 160 mm. Check cracking under service load a.



At Section 8



Service load moment = -14 970 -750 -23 716 -2636 -17 207 = -59 279 N mm/mm Concurrent axial force = -46 -3 -75 + 5 = -119 N/mm Tensile stress in the concrete under service load assuming uncracked section =



&119 59 279 ' 4.8 MPa > 0.8 fr ' 2.47 % 260 (260)2/6 Check for cracking under service load is required.



x



=



65.89 mm



fs



=



228 MPa



fsa



=



171 MPa < fs



N.G. Work Period #2 - 36
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=



71.4 mm



fs



=



189 MPa



fsa



=



183.0 MPa



fs



OK



Required reinforcement for crack control at Section 8 is #15 @ 130 mm b.



At Section 9



Maximum service load negative moment = 2134 - 25 624 - 22 476 = -45 966 N mm/mm Concurrent axial force = -3 -58 + 7 = -54 N/mm Tensile stress in concrete assuming uncracked section and ignoring 10 mm at the top and 25 mm at the bottom, as explained earlier =



&54 45966 % ' 3.2 MPa > 0.8 fcr ' 2.47 MPa 285 (285)2/6 Check for cracking is required. Assuming reinforcement #15 @ 130 mm



x



=



73.2 mm Work Period #2 - 37
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=



136 MPa



fsa



=



183 MPa



OK



Therefore, #15 @ 130 mm satisfy both strength and cracking requirements for both the bottom slab and the side walls near the bottom corner. In addition to the above analysis, positive moment reinforcement at both sections near the bottom corner need to be designed. The reinforcement extending from the positive moment regions of the wall and the bottom slab is usually sufficient to resist positive moments near the corner. Check Positive Moment at Mid-Span of Bottom Slab, Section 11 Maximum factored positive moment, Mu



=



η x [1.25 DL + 1.5 FWS + 1.75 LL + 0.5 EH]



=



0.95 x [1.25 x 40 854 + 1.5 x 2497 + 1.75 x 64 824 + 0.5 x (-25 624)]



=



148 000 N mm/mm



Concurrent force = 0.95 x [1.25 x (-3) + 0 + 1.75 x (-5) + 0.5 x (-58)] = -40 N/mm Due to the small value of the applied axial force relative to the applied moment, axial force can be ignored in the determination of the required reinforcement. Ignore the bottom 25 mm for uneven bottom surface Assume #20 bar d = 320 - 60 mm top cover - 25 mm at the bottom - 1/2 bar diameter = 225.25 mm Required reinforcement: #20 @ 140 mm Check cracking under service load Service load positive moment = 40 854 + 2497 + 64 824 - 25 624 = 82 551 N mm/mm Concurrent axial force = -3 -5 -58 = -66 N/mm
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&66 82551 % ' 5.87 MPa > 0.8 fr 285 (285)2/6 Check for cracking under service load is required Required reinforcement spacing = 130 mm



x



=



83 mm



fs



=



172.9 MPa



fsa



=



179.4 MPa > fs



OK



Negative moment reinforcement at this section is still to be designed. The reinforcement bars extending from the ends of the slab are usually enough to satisfy the negative moment requirements at the center provided that minimum reinforcement requirements are satisfied. In an actual design, the designer will need to design more sections, usually sections at the tenth points of each element. By knowing the required reinforcement at each section, some of the reinforcement bars can be terminated if they are not required to extend along the full-length of the member. The designer will also need to check the development length requirements for all terminated bars. According to the requirements of Article S5.5.11.2, the maximum bar spacing requirements (S5.10.3.2) need also be satisfied at all sections.
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printed on June 24, 2003 Design for Shear Shear in Top Slab, Section 2 Maximum factored shear = η [1.25 DL + 1.5 FWS + 1.75 LL + 1.75 LS] = 0.95 [1.25 x 13 + 1.5 x 2 + 1.75 x 80 + 1.75 x 5] = 160 N/mm For culverts under less than 600 mm of fill, apply the provisions of Article S5.8.3.3. (S5.14.5.3) Nominal shear strength of reinforced concrete elements without shear reinforcement: Vn



=



0.083 β/f'c bvdv



β



=



2



for reinforced concrete elements



bv



=



1.0



for 1.0 mm wide strip



dv



=



larger of: d - a/2, 0.72 h or 0.9d



(S5.8.3.3)



(S5.8.2.7)



Assuming half the bottom reinforcement is terminated before this section, the reinforcement at the design section for shear is #20 @ 360 mm.



a'



d& 0.9d



As fy 0.85 fcb



'



300 x 400 ' 16.34 mm 0.85 x 24 x 360



a 16.34 ' 275.25 & ' 267.1 mm 2 2 =



0.72h =



(5)



0.9 x 275.25 = 247.7 mm



(6)



0.72 x 310 = 223.2 mm



(7) Work Period #2 - 40
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=



largest of (5), (6) and (7) = 267.1 mm



Vn



=



0.083 x 2 x /28 x 267.1 = 234.6 N



φ



=



0.9 for shear



φ Vn



=



0.9 x 234.6 = 211.1 N mm > Vu



(S5.5.4.2) OK



Note: If the concrete did not provide enough shear capacity, either increase the thickness or provide shear reinforcement. Shear in Walls Shear needs to be checked at the design section for shear near both the top and bottom of the walls (Sections 5 and 7 of Figure 8, respectively). Most of the shear forces in culvert walls are due to the applied horizontal earth pressure. Culverts on grade have a smaller horizontal earth pressure acting on their walls and, hence, the shear capacity of the concrete section is usually sufficient to resist the applied force. For the purpose of this example, shear in walls is not checked. For the analysis to be complete, the designer needs to conduct this check. Shear in Bottom Slab, Section 10 Maximum factored shear, Vu



=



η[1.25 DL + 1.5 FWS + 1.75 LL + 1.75 LS]



=



0.95 x [1.25 x (-34) + 1.5 x (-2) +1.75 + (-54) + 1.75 x (-9)]



=



-148 N



Assume half the top reinforcement near mid-span of the bottom slab is extended to this section, As



=



#20 @ 260 mm



d



=



225.25 mm



a



=



dv



=



As fy 0.85 fc b



'



300 x 400 ' 22.6 mm 0.85 x 24 x 260



largest of d - a/2 =



214.0 mm Work Period #2 - 41
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=



202.73 mm



or 0.72H



=



162.2 mm



dv



=



214 mm



φ Vc



=



φ x 0.083 x β/f'c bv dv



=



0.9 x 0.083 x 2 /24 x 1 x 214



=



156.6 N



φ Vc > Vu



OK



Design of Longitudinal Reinforcement Shrinkage and temperature reinforcement are required along the inside face of walls and slabs of cast-in-place box culverts (S12.11.4.3.1). For boxes on grade, the top surface of top slab also needs to be protected. The reinforcement perpendicular to the direction of the traffic at the bottom of the top slab for culverts under less than 600 mm of fill need to be designed as distribution reinforcement (S5.14.4.1). The shrinkage and temperature reinforcement, As, should satisfy: As 0.75 Ag/fy. This reinforcement needs to be distributed equally between the two surfaces of the section (S5.10.8.1). For solid walls, the required reinforcement need not to exceed 0.0015 Ag (S5.10.8.1). For fy = 400 MPa, required reinforcement ratio



0.75 ' 0.0018 > 0.0015 400 Use reinforcement ratio = 0.0015 Shrinkage and Temperature Reinforcement in Top Slab Total required reinforcement = 0.0015 Ag = 0.0015 x 320 = 0.48 mm2/mm Required reinforcement at each surface = 0.5 x 0.48 = 0.24 mm2/mm a.



At top surface



Use #10 @ 300 mm



Work Period #2 - 42



printed on June 24, 2003 Provided reinforcement = 100/300 = 0.33 mm2/mm > 0.24 mm2/mm required b.



OK



At bottom surface



Provided distribution reinforcement = #10 @ 210 mm As provided = 100/210 = 0.48 mm2/mm > 0.24 mm2/mm required OK Similarly, #10 @ 300 mm will satisfy the shrinkage and temperature reinforcement requirements along the inner face of the walls and top surface of bottom slab.



Figure 9 - Culvert Reinforcement
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Figure 1 - Box Culvert Geometry Fill depth above top slab = 1500 mm 1.



Permanent Loads



Loads from self-weight of the culvert and weight of future wearing surface can be calculated using the procedures utilized for culverts on grade (see Example 1). The calculations of the vertical load of soil on the top slab of culvert are presented below. The effect of the self-weight, future wearing surface and weight of earth fill should be analyzed as three separate cases of loading because each of the three loads is multiplied by a different load factor (see Table S3.4.1-2). Also, to maximize the force effect at a section, the designer may need to ignore the effect of the future wearing surface, if its effect has the opposite sign to the force effect being maximized. Vertical load of soil on top slab of culvert: Assume that the size of excavation is relatively larger than the width of culvert, i.e., embankment installation conditions (S12.11.2.1). Total vertical soil load on 1.0 mm wide strip of top slab, WE



=



gfe γs Bc H x 10-9



g



=



acceleration of gravity = 9.81 m/sec2



(S12.10.2.1)
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=



1600 kg/m3



Bc



=



outside dimension of culvert = 2400 mm



H



=



depth of backfill = 1500 mm



fe



=



soil-structure interaction factor for embankment installation = 1 + 0.2 H/Bc = 1.125 (S12.10.2.1.1)



WE



=



9.81 x 1.125 x 1600 x 2400 x 1500 x 10-9 = 63.6 N/mm



Intensity of uniform load on top slab of design strip =



WE Bc



' 0.0265 N/mm/mm



Figure 2 - Dead Load of Soil above Culvert
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1.25



0.9 1.5



1.3



Minimum 0.65



0.9



Basic Lateral Earth Pressure, EH, and Earth Surcharge, ES: Assume same coefficient of at-rest soil pressure as calculated for Example 1, ko = 0.426 EH



ES



=



ko γs g z (10-9)



=



0.426 x 1600 x 9.81 x 2200 x 10-9 = 14.7 x 10-3 MPa



=



ko γs g H1 (10-9)



=



0.426 x 1600 x 9.81 x 1600 x 10-9 = 10.7 x 10-3 MPa



Maximum load factor for EH and ES is 1.35 and 1.5, respectively (Table S3.4.1-2). Minimum load factor is 0.9 for both loads. If the effect of the horizontal earth pressure reduces the force effect being maximized, a load factor of 0.5 should be used (S3.11.7).
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Figure 3 - Earth Pressure and Earth Surcharge Live Load Surcharge Height from bottom of bottom slab to top of fill = 200 + 2000 + 200 + 1500 = 3900 mm From Table S3.11.6.2-1 heq = 1200 mm



For total height of fill = 3000 mm



heq = 760 mm For total height of fill = 6000 mm By interpolation for total height of fill = 3900 mm heq = 1068 mm ∆p = ko γs g heq x 10-9 = 0.426 x 1600 x 9.81 x 1068 x 10-9 = 7.14 x 10-3 MPa Live load surcharge is uniformly distributed along the full-height of exterior walls. (S3.11.6.2)
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Figure 4 - Live Load Surcharge Load factor for live load surcharge at the Strength I load combination is 1.75. Live Loads Wheel loads are assumed to be uniformly distributed over a rectangular area with sides equal to the tire contact area, assuming 40% dynamic load allowance, at the surface. The sides of the rectangle are increased by 1.15 times the depth of select granular fill or the depth of fill in all other cases. (S3.6.1.2.6) Assume select granular fill Tire contact area:



(S3.6.1.2.5)



width



=



510 mm



length,



=



2.28 γ (1 + IM/100) P



γ



=



load factor = 1.75



IM



=



40% for determining tire contact area for culverts (SC3.6.1.2.6)



P



=



72.5 kN for design truck 55.0 kN for design tandem



=



2.28 x 1.75 x (1 + 40/100)P



=



405 mm for design truck Work Period #2 - 48
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307 mm for design tandem



Dynamic load allowance for culverts: IM



=



40 (1-4.1 x 10-4 DE)



DE



=



depth of earth above structure = 1500 mm



IM



=



40 (1 - 4.1 x 10-4 x 1500) = 15.4%



0



(S3.6.2.2)



Distribution of Design Truck Wheel Loads Distribution width per wheel = width of tire contact area + 1.15 depth of select granular fill = 510 + 1.15 x 1500 = 2235 mm Distribution length per wheel = length of tire contact area + 1.15 depth of select granular fill = 405 + 1.15 x 1500 = 2130 mm The distribution width for a wheel is larger than the distance between the centers of the two wheels in the same axle of the truck (1800 mm). Therefore, the distribution areas overlap (see Figure 4a) and the total load from the two wheels is assumed to be distributed uniformly over the area within the outer boundaries of the overlapped areas. (S3.6.1.2.6) Distribution width of the axle = 1800 + 2235 = 4035 mm If two trucks are positioned side-by-side, the distribution width for their axles also overlap. The total load from the two axles is then distributed over the area within the boundaries of the two axles (see Figure 4b). Assume the distance between the adjacent wheels from the two trucks = 1200 mm Distribution width for both axles = 4035 + 3000 = 7035 mm Multiple presence factor, MPF = 1.2 for single truck = 1.0 for two trucks Load intensity on the culvert =



Total Load x (1 % IM) x MPF Distribution Area
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145000 x (1 % 0.154) x 1.2 ' 23.4 x 10&3 MPa 4035 x 2130



(1)



For two trucks =



2 x 145000 x (1 % 0.154) x 1.0 ' 22.3 x 10&3 MPa 7035 x 2130 (2)



Figure 5 - Distribution Area for Truck Axles The distribution width for the lane load may be assumed constant and equal the width of the lane load at the roadway level (3000 mm). The effect of the lane load on culverts is relatively small and, for culvert under fill, the load intensity on the culvert top is not uniform. The load intensity near the center of the lane load is usually higher. Assuming a constant distribution width for the lane loads will make the analysis easier without any significant effect on the results. Intensity of lane load: Single lane loaded =



9.3 x 1.2 ' 3.7 x 10&3 MPa 3000
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(3)
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9.3 x 1.0 ' 3.1 x 10&3 MPa 3000



(4)



From (1), (2), (3) and (4), case of a single lane loaded is more critical. The load from the design truck may be positioned to produce maximum effect at the section being designed. The lane load should be applied on the regions of the top slab, such as to maximize the load effect. The loads on the top slab of 1.0 mm wide design strip are shown in Figure 6.



Figure 6 - Design Loads from the Design Truck and Design Lane Loads (One Lane Loaded) Distribution of Design Tandem Wheel Loads Distribution width per wheel = 510 + 1.15 x 1500 = 2235 mm Distribution length per wheel = 307 + 1.15 x 1500 = 2032 mm Case of single lane loaded: The area from the four wheels in the design tandem overlap. Therefore, the total load is distributed over the total area within the boundaries of the four wheel distribution areas. Total distribution width = Distance between centers of wheels in the same axle + width of wheel distribution area = Work Period #2 - 51



printed on June 24, 2003 1800 + 2235 = 4035 mm Total distribution length = Distance between centers of wheels in the two axles of the design tandem + length of wheel distribution area = 1200 + 2032 = 3232 mm Case of two lanes loads: Total distribution length = 3000 + 4035 = 7035 mm Total distribution length = 3232 mm



Figure 7 - Distribution Area for Tandem Axles Load intensity on top of culvert: Single lane loads =



2 x 110 000 x (1 % 0.154) x 1.2 ' 23.4 x 10&3 MPa 4035 x 3232
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2 x 2 x 110 000 x (1 % 0.154) x 1.0 ' 22.3 x 10&3 MPa 7035 x 3232



Figure 8 - Design Loads from the Design Tandem and Design Lane Loads (One Lane Loaded) The effect of the lane load is the same as calculated for the case of the design trucks. Therefore, the case of single lane loaded controls. The loads on the top slab of a 1.0 mm wide design strip are shown in Figure 8. As shown, the distribution length of the tandem wheel is larger than the total width of the culvert. This load can be moved to produce maximum load effect, but it cannot be broken such that the length of the load is less than 3232 mm. This is of greater significance in multi-vent culverts where some of the load will be applied to regions that produces force effects with the opposite sign to the force effect being maximized. Lane load can be broken into patches of load as required to maximize the force effect being maximized. After the loads have been determined, the analysis and design of the culvert may be conducted similar to those presented for Example 1.
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