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Chapter 14

Bearings and
Expansion Joints















Bearings are mechanical arrangements provided in the superstructure to transmit the load to the substructure. They can be thought of as the interface or via media between the superstructure and the substructure. The main functions of bearings are:
To transmit vertical loads to the substructure, i.e. to the pier or abutment
To facilitate movement caused by thermal changes (expansion and contraction) To provide rotational movement of the girders



Bearings are intended to transmit the forces and sustain the translational and rotational movements of the bridge structure. Four major forces are considered.
Reactive forces Longitudinal forces Uplift forces Transverse forces
The reactions generated at the end of structural members create reactive forces on the bearings. The longitudinal and transverse forces may be caused due to earthquakes, thermal expansion and contraction, braking effect, etc.



Depending on functional behaviour, there can be two types of bearings, i.e. fixed bearings and expansion bearings. Fixed bearings allow only rotation while expansion bearings allow both rotation and translation. The causes for movement in bearings may be due to creep in concrete,
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shrinkage, settlement, uplift forces and thermal forces. The sudden application of brakes may also initiate some movement at the bearing level. Generally, for each span, one end of the bridge is provided with fixed bearings and the other end with the expansion type. Thus the free end allows for movement and the fixed end holds the bridge. If both ends are provided with fixed bearings, internal stresses are sure to develop in bridge components. Some of the commonly used bridge bearings are explained in the succeeding paragraphs.

Rocker bearings
Rocker bearings are suitable only for straight steel bridges. The type of bearing consists of a pin to accommodate large live load deflections as well as large vertical loads. The rocker bearing is used for span lengths of 15 m and more. It is made of steel and connected to the substructure through a steel plate (bedplate). It is bolted or welded to the primary bridge structure component. To prevent the rocker in a bearing from making translational movements, pintles or shoes are used which resist transverse forces. A shoe is a trapezoidal extrusion which extends upwards from the base plate. A groove (recess) is made to hold the rocker pin which in turn is covered by the top shoe. Figure 14.1 shows parts of a rocker bearing. The rocker pin is designed for the maximum longitudinal force. The IRC 83 stipulates the following specifications for rocker pins.
The diameter d of the rocker pin shall not be less than 16 mm. The pin shall be fitted to a depth of 0.5d in the groove.
The minimum clearance above the top surface of the rocker pin shall be 2.5 mm.




















Fig. 14.1 Rocker bearing.
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Rocker and roller bearings
In this type of bearing, translational movement is facilitated by a group or nest of rollers while rotational movement is achieved by the rocker pin. Roller bearings are intended for spans of moderate length. A general drawback of this type is its susceptibility to collect dust. This may lead to freezing of the bearing in which case the rollers cease to roll. A rocker and roller bearing is shown in Fig. 14.2. The codal stipulations for such bearings are:
The minimum diameter of the roller shall be 75 mm.
The ratio of the length of the roller to its diameter shall normally be not more than 6 (but not more than 10 in any case).
The gap between the rollers shall not be less than 50 mm in the case of multiple rollers.



















Fig. 14.2 Rocker and roller bearing.

The allowable working loads per unit length of cylindrical rollers (on flat surface) shall be taken as:
For mild steel:
i(i) Single and double rollers: 8D N/mm of length. (ii) Three or more rollers: 5D N/mm of length.
For high tensile steel:
i(i) Single and double rollers: 10D N/mm of length. (ii) Three or more rollers: 7D N/mm of length.
where D is the diameter of the roller in mm
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Sliding plate bearings
A sliding bearing, as its name implies, utilizes one plate sliding against the other to accommodate translational movement. As this bearing does not allow rotational movement, it is recommended to be used for span lengths of less than 15 m. Sliding bearings can be fabricated out of steel, although other materials such as teflon and bronze are also used. This type of bearing may only be used for straight steel bridges. A sliding bearing becomes unstable when subjected to lateral forces.

Elastomeric bearings
Elastomer is a polymeric substance obtained after vulcanization of rubber. Polychloroprene may also be used as a synthetic elastomer. An elastomeric bearing can consist of an unreinforced elastomeric pad or a reinforced elastomeric bearing may also be fabricated by binding together alternate layers of rubber and steel plates. The speciality of this bearing is that it takes direct compressive load, shearing force and moment by undergoing appropriate deformation. The movements of elastomeric bearings are shown in Fig. 14.3. These types of bearings are relatively a new invention. The advantages of elastomeric bearings are:
They have no moving part, therefore, they require no maintenance.
The height of the bearing being less, it calls for a lower headroom, thus, effecting reductions in the cost of approaches.
In the event of a crack or split in the bearing, it can be easily accessed and replaced with a new one.




















Fig. 14.3     Elastomeric bearings.
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An elastomeric bearing should satisfy the following conditions as per IRC 83 (Part II) code.
1. Hardness should be 60 ± 5 degrees on IRHD Scale (International Rubber Hardness Scale).
2. Minimum tensile strength should be 17 MPa. 3. Minimum elongation at break shall be 400%.
4. Shear modulus of the elastomer shall be in the range from 0.8 MPa to 1.20 MPa. 5. Adhesion strength of the elastomer to steel plates shall not be less than 7 kN/m.




1. Plan dimensions.     The preferred dimensions of elastomeric bearings are given in Table 14.1 below. However, interpolation of plan dimensions can be made if the situation warrants.

Table 14.1 Standard plan dimensions of elastomeric bearings (IRC: 83-1987, Part II)


Size (Index no.)

1 2 3 4 5 6 7 8 9
10

Width (a) (mm)

160 160 200 200 250 250 320 320 400
400

Length (b) (mm)

250 320 320 400 400 500 500 630 630
800


2. The vertical (axial) stiffness of the elastomer is represented by its shape factor. The shape factor S of the elastomer is given by the ratio
(Loaded surface area)/(Surface area free to bulge) = 2t(ab b)	(14.1) where a and b are plan dimensions of the pad, and t is the thickness of the pad.a


3. Thickness.	The thickness of a bearing is governed by its shear movement. If u is the translational shear deformation (Fig. 14.4), then
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Fig. 14.4     Bearing dimensions and deformation.

u = t tan	(14.2)



tan

where
G = modulus of rigidity in N/mm2

Hc	Hs GA


(14.3)

Hc = sustained horizontal load in newton
Hs = sustained dynamic horizontal load in newton
The value of u should be less than 0.7t, such that t > 1.43u.

4. Average compressive stress.     This is given by
P
m	Ae	(14.4)
where
P = total vertical load in newton
Ae = effective plan area excluding shear deformation in mm2
= a b u	(14.5) The average stress so calculated should be less than 2GS.

5. To prevent slip.     The slip of a bearing is due to high horizontal force and low vertical force. To avoid slip, the following conditions need to be met withP



(a)	m	c	1 e

a
b


MPa	(14.6)

(b) (Hc + Hs) < f(Pc + Ps)	(14.7)
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where
Pc and Ps = sustained and dynamic vertical load, respectively in newton
Hc and Hs = sustained and dynamic horizontal load, respectively in newton f = coefficient of friction (average value = 0.3).

6. In order that a bearing does not overturn or topple, the thickness of the bearing is restricted to less than a/5.




The successful behaviour of a bridge structure depends to a large extent upon the functioning of its bearings as anticipated in the design. The designer should have a clear understanding of the nature of forces developed in the structure. Accordingly, only the bearings which can successfully perform the considered functions, should be selected. When selecting a bearing, the factors listed below should be carefully considered:
1. High vertical load taking capability
2. Movement capability to cope with horizontal movements 3. Rotational capability
4. Capability to resist external horizontal forces like wind forces and centrifugal forces 5. Good seismic resistance, i.e. capability to dissipate energy at high displacement levels 6. Overall cost (i.e. initial cost, maintenance cost, etc.) should be low
7. Aesthetic considerations—low height bearings will add pleasing looks to a bridge than high bearings
8. Environmental conditions like physical environment should be considered for proper functioning of bearings during their lifespan. Roller bearings and sliding bearings face problems in dusty and desert conditions. Steel bearings should be avoided in the vicinity of water.

EXAMPLE 14.1
Design a mild steel rocker bearing for transmitting the superstructure reactive load of 1200 kN. Allowable pressure on bearing block: 3.8 MPa
Permissible bending stress: 0.66 fy = 165 MPa Permissible bearing stress: 100 MPa Permissible shear stress: 100 MPa

Design

Area of the bedplate
Area = load/permissible bearing stress
= 1200	103/3.8 = 315,789.47 mm2	320,000 mm2
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A bedplate of size 400 mm	800 mm can be provided.

Diameter of the rocker
The load taken by the rocker will be almost in the form of line load. It can be taken as 4D N/mm, where D is the diameter of the rocker in mm. Thus, we have
(4D	800) = 1200	103 or
D = 375 mm, say 400 mm Therefore,
Radius of the rocker = 200 mm

Rocker pin
With reference to Fig. 14.5, the rocker pin is supported by the legs of the rocker bearing. It will experience bending in between the two legs.












Fig. 14.5     Reaction transfer to pin (Example 14.1).

Load on one leg = (1/2)	1200	103 = 600	103 N

Distance between the upper and lower legs = 25 + 25 + 15 = 65 mm Bending moment = 600	103	65 = 39	106 N.mm
Section modulus, Z = M/fb = 39	106/165 = 236,363.6 mm3
Therefore,
d3 = 236,363.6	(32/ ) or
d = 134.02 mm, say 140 mm

Check for bearing stress

Bearing area of the pin = thickness of the leg	diameter = 50	140 = 7000 mm2
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Bearing stress = load/bearing area

600     103 7000
Check for shear stress


85.71 N/mm2	100 N/mm2

Area of cross-section of the pin = ( /4)	1402 = 15,393.80 mm2 Shear stress = 600	103/15,393.80 – 38.97 N/mm2 < 100 MPa
The details of the rocker bearing are displayed in Fig. 14.6.






















Fig. 14.6     Details of the rocker bearing (Example 14.1).

EXAMPLE 14.2

A reaction of 2500 kN is expected at the supports of a 20 m spanned T-beam bridge. Design a rocker and roller bearing. The other details are:
Allowable pressure on rollers: 5 N/mm diameter/mm length Bearing pressure on rocker pin: 30 N/mm2
Allowable pressure on bearing plate: 2000 N/mm2 Allowable pressure on concrete bed block: 3.8 N/mm2

Design

Rocker pin
As the minimum diameter stipulated is 75 mm, try a 120 mm pin.
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Bearing area = 120 L
Thus,
120	L	30 = 2500	103
or
L = 694 mm, say 700 mm long pin

Rollers
100 mm diameter rollers can be tried.
If L is the total length of the rollers, load taken by rollers = 5	L	diameter
Thus,
5	L	100 = 2500	103
or
L = 5000 mm
Provide 6 rollers of 900 mm length each (Total length provided = 5400 mm).
Total width of the roller nest with a gap of 50 mm between rollers is = 6	100 + 5	50 = 850 mm
Allowance should be made for the movement of the rollers on either side, normally taken as 0.8 mm/m of span = 0.8	16 = 12.8	15 mm which is for one side only. Therefore,
For either side = 15	2 = 30 mm
Width of the bearing plate = 850 + 30 = 880 mm, say 900 mm Area of the bed block required = (2500	103)/3.8 = 658	103 mm2
Adopt a bed block of 1.2 m	1.2 m. This bearing is sketched in Fig. 14.7.




















Fig. 14.7 Rocker roller bearing (Example 14.2).
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EXAMPLE 14.3

Design an elastomeric unreinforced neoprene pad bearing to suit the following data:
Vertical load (sustained): 200 kN Vertical load (dynamic): 40 kN Horizontal force: 60 kN
Modulus of rigidity of elastomer: 1 N/mm2 Friction coefficient: 0.3
Design

Total vertical load = 200 + 40 = 240 kN Horizontal force = 60 kN
Select the preferred dimensions from Table 14.1.
a = 250 mm,     b = 500 mm Thickness (t) should be less than a/5, select a thickness of 30 mm Area A = 250	500 = 125,000 mm2
tan	= H/GA = (60	103)/(1	125,000) = 0.48

u = t tan	= 30 tan	= 30	0.48 = 14.40 mm

But, t > 1.43u > 1.43	14.40 = 20.59 < 30 mm, therefore the design is safe.


Axial stress

Shape factor (S) = 2t(ab b)a


m = P/A < 2GS



250	500
2	30(250	500)



2.77

A = (a – u)b = (250 – 14.40)500 = 117,800 mm2 P = (240	103) N
Therefore,


240     103 m	117,800


= 2.03 < 2	1	2.77 = 5.54. Therefore, the design is safe.



c m	A


1

a
b



200 103
117,800


1.697	1


250
500


1.5 . Therefore, the design is safe.
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Expansion joints are designed to take up longitudinal and transverse movements of a bridge caused by thermal expansion, contraction and certain loading conditions. The type of joint selected for a deck is generally dependent on the type and magnitude of movement that a joint has to accommodate. An expansion joint in a bridge has to satisfy the following requirements:
It should allow the movement of the bridge so that the stresses caused by temperature, shrinkage and loading are relieved.
It should not allow percolation of water.
It should be durable and structurally strong.
It should be accessible for easy inspection and maintenance.
It should be strong enough to withstand knocking of wheels of heavy vehicles.
Deck joints are of two types: open and closed. An open joint is nothing more than an opening between the concrete deck and an adjacent structural element (deck/deck, deck/abutment, deck/ approach slab). In a closed joint, the gap between the adjacent elements of the deck is covered by a sealant. A mechanical system is provided to take up the movement of the bridge. Open joints are prone to leakage and deterioration and can handle small longitudinal movements only. Owing to these reasons, open joints are not being implemented in new constructions and therefore they are found in old bridges only.



Closed or filled joints are widely adopted for bridges. This type of joint consists of a sealant, which is either inserted or hot poured into the joint. These types of joints are also suitable for rehabilitation work, where upgradation of existing joints (damaged) is required. Different types of closed joints are available; they are briefly discussed below.

Compression seal joint
This joint is made by squeezing a sealant material into an open joint. An adhesive lubricant is also provided along with the sealant. The common material used is the extruded neoprene. This material takes up the movement of the bridge by getting itself compressed. For added durability, compression seals are combined with steel angles at the deck slab edge to form an armoured joint. This type of joint is used for decks, which are expected to sustain movements ranging from 12 mm to 60 mm. However, a common problem with this type of joints is the loosening of bond between the seal and the concrete surface. This loosening in turn gives rise to loss of compression. Occasionally, this may lead to the seal popping out of the joint. This type of joint is shown below in Fig. 14.8.

Strip seal joint
This type of joint consists of an elastomeric material, which is placed between the dual rails that are anchored to the face of the joint opening. The most commonly used material is neoprene rubber. Here, the material is mechanically fitted into the steel rail assemblies. These joints can accommodate a larger movement than that by compressive seals (up to 100 mm).
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Fig. 14.8     Compression seal joint.

Modular joints
A modular joint uses multiple strip seals to accommodate very large deck movements. The seals are fitted between rolled beams, which run along the length of the joint. This type of joint can accommodate movements ranging from 900 mm to 1200 mm. It is used for skewed and curved decks.




1.     Design a steel rocker roller bearing to transmit a load of 2000 kN. The span of the girder is 50 m. The a1lowable pressure on rollers is 4 N/mm diameter/mm length. The bearing pressure on the rocker pin is 30 N/mm2. The allowable pressure on the steel bearing plate is 2000 N/mm2. The allowable pressure on the bed block of the abutment is 1000 N/mm2.
2.     Design an elastomeric unreinforced neoprene pad bearing to be placed beneath a girder of a bridge to suit the data given below:
Span of the girder: 12 m Dimensions: 300 mm	1400 mm No. of girders: 3
Slab thickness: 300 mm No. of lanes: 2
Live load: IRC Class AA Horizontal force: 100 kN
Shear modulus of elastomer: 1 N/mm2 Coefficient of friction: 0.35
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It is a well-known fact that the concrete is weak in tension and strong in compression. However, prestressing can be used to ensure that concrete remains within its tensile and compression capacity under the heavy loads. Prestressing of a bridge normally involves application of an external force to the concrete by the use of wires, strands or bars, and this can greatly increase the strength of concrete. Prestressing of concrete in bridges has resulted in longer and slender spans, improved aesthetics and increased economy in construction. With prestressing, the slab bridges can have the spans in the range of 10–20 m. While slab-beam (T-beam) can have the span range of 20–40 m. There are many vivid examples around the world of bridges with prestressed concrete decks such as the ones shown in Figs. 15.1 and 15.2.
















Fig. 15.1 A single prestressed box girder bridge.
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Fig. 15.2 Fifth street bridge over great Miami-River.

Prestressed concrete bridges include a wide variety of different forms, from cast in situ to precast, from beams to box girders, and from simply supported to cable stayed. Their functions range from the carrying of pedestrians to road or rail traffic and they make up a significant proportion of the bridge stock in existence today.
The design of prestressed concrete bridges both influences and is dependent on the construction process envisaged. The construction sequence and practical considerations in positioning the tendons influence the prestress layout much more than the desire to achieve a concordant profile. The deck section and concrete shape is often dictated by the placement of the prestress tendons and their anchorages, while the need for rapid construction or difficulties with access may dictate the type of structure and construction methodology adopted.




The prestressing of the concrete happens due to force transfer between the prestressed tendon and the concrete. Tendons are pulled and stretched and then firmly anchored against the concrete at the end of the section. The tension in the tendon is balanced by the compression in the concrete. In this way, external compression force is applied to the concrete and is used to counter the tensile stresses generated under the bending moments and the shear forces present due to heavy loading.
The tendons are placed either within the concrete member as internal tendons, or alongside the concrete as external tendons, and can be unbounded or bounded to the concrete. They can be pre-tensioned or post-tensioned. However, their effect on the concrete, and the basic principles of design are the same in all cases.
To apply the prestressing force, such as the one depicted in Fig. 15.3, jacks can be placed at either end of the beam and made a permanent part of the structure. Such a configuration, however, would be extremely susceptible to movement at the supports which
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could lead to reduction in prestress force. A more popular solution is to utilize a steel cable or tendon, which is embedded within the concrete beam and anchored at the ends of the member. When the prestressig force is applied to the tendon prior to the concrete being poured, the beam is said to be pre-tensioned. When the force is applied after the concrete has hardened the beam is called post-tensioned.



















Fig. 15.3 Stress distribution at mid span of a simple rectangular beam prestressed concentrically.

Stresses at the bottom of the beam as shown in Fig. 15.3, are caused by dead loads and live loads, can only be eliminated if the compressive stress induced by the prestressing force P, is equal to the magnitude of the tensile stress induced by the applied loads. Like conventional reinforced concrete, prestressed concrete must also account for the effects of shrinkage and creep. If the beam is to eliminate all tensile stresses, then the prestressing force must be greater than the tensile stresses alone in order to account for the additional deformational loads. One drawback to this process is that the top fibre of the beam must resist both the compressive forces from the applied load and the prestressing force.




Pre-tensioning is used to describe a method of prestressing in which the tendons are tensioned before the concrete is placed, and the prestress is transferred to the concrete when suitable cube strength is reached. The pre-tensioning is a four-stage process:

Stage 1:

Stage 2:

Tendons and reinforcement are positioned in the beam mould.

Tendons are stressed to about 70–80% of their ultimate strength.
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Stage 3: strength.
Stage 4:

Concrete is cast into the beam mould and allowed to cure to the required initial


When the concrete has cured, the prestressing force is released and the tendons

anchor themselves in the concrete.
Pre-tensioned beams are sometimes fabricated in casting yards where the tendons are anchored between large abutments known as pre-tensioning beds, which can be as much as 150 m apart. An alternative method is to embed the anchors within the beam itself.
One major advantage of pre-tensioning approach is that it lends itself well to the mass production of beams. As prestressed bridges became more popular, the standard beam sizes accepted, fabricators found themselves producing prestressed pre-tensioned concrete beams much in the same fashion steel fabricators had been churning out wide flanged beams.
One method of enhancing the performance of pre-tensioned beams is to deflect the prestressing tendons upward and downward along the length of the beam. This process is known as draping or barping. Figure 15.4 shows the process of pre-tensioning.















Fig. 15.4 Pre-tensioning of tendons.



In a post-tensioned beam, the steel tendons are stressed after the concrete has had time to harden. The tendons are incorporated into the concrete beam either in bonded fashion or unbonded way. Bonded tendons are placed within preformed voids in the concrete member. These voids could be formed by metal ducts or plastic tubes. After the concrete has hardened and the post-tensioning stress is applied, the space between the hole and the tendon is filled with grout so that the tendon and the tube assembly becomes bonded to the surrounding beam.
Unbonded tendons are simply greased and wrapped in paper. After the post-tensioning force is applied, they are left as is or unbonded to the surrounding concrete. With respect to bridges the bonded tendons are more popular. However, both the methods require the incorporation of an anchorage at the ends of post-tensioned member.
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The post-tensioning is also a four-stage process:

Stage 1:     Cable ducts and reinforcement are positioned in the beam mould. The ducts are usually raised towards the neutral axis at the ends to reduce the eccentricity of the prestressing

force.

Stage 2: strength.
Stage 3:


Concrete is cast into the beam mould and allowed to cure to the required initial


Tendons are threaded through the cable ducts and tensioned to about 70–80%

of their ultimate strength.

Stage 4:     Wedges are inserted into the end anchorages and the tensioning force on the tendons is released. Grout is then pumped into the ducts to protect the tendons.
For post-tensioning, the tendon is pulled and stretched using a hydraulic jack and the resulting force is transferred directly on to the hardened concrete through the tendon anchor. The tendon consists of bars, single strands or multi-strands that can be arranged with a varying vertical and horizontal profile along the bridge deck, which allows for the most efficient arrangements of prestressing to be adopted. Post-tensioning can be used on many different types of structures, including precast beams, in situ or precast box girders and cable stayed structures.
Internal tendons are placed inside a duct cast into the concrete and installed either before or after the concrete is placed, while external tendons are installed in ducts placed outside the concrete section after the concreting has been completed. The force is generated in a post-tensioned tendon by the use of a stressing jack. The jack pulls the strands and transfers the force from the tendon on to the anchor plate and into concrete. Reinforcements in the surrounding concrete resist the local tensile stresses around the anchor and assists in transferring the force into the deck. Figure 15.5 shows the post-tensioning bars and Fig. 15.6 depicts the process of prestressing.














Fig. 15.5 Post-tensioning bars.
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Fig. 15.6 Post-tensioning process.

While pre-tensioning has the advantage of mass production, post-tensioning is advantageous when very large elements are being fabricated which cannot be transported to the project site. The ability to post-tension precast or cast-in-situ members is another advantage, which provides the designer with added flexibility. Where pre-tensioned beams are typically produced in standard sizes and geometries, post-tensioned girders can be customized to fit site-specific conditions.




The most common form of prestressing involves 7-wire strand, which is made up of individual cold-drawn wires with six outer wires twisted around an inner core wire. The strand is stress relived and is usually of a low relaxation grade. Usually strands could be galvanized for a greater protection against corrosion. For post-tensioning, 13 mm or 15 mm diameter, 7-wire strand is used, either singly for pre-tensioning or in bundles to form multi-strand tendons. The most common post-tensioned tendon sizes utilize 7, 12, 19 or 27 strands to suit the standard anchor blocks available, although systems are available for tendons incorporating up to 55 strands when necessary. At the ends of tendons the strands are anchored either by splaying out the wires and encasing them in the concrete as a dead-end anchorage, or by passing them through an anchor arrangement and fixing them into an anchor block for live-end anchorage. Prestressing bars are available in different diameters from 15 mm to 75 mm and are used
in post-tensioned construction. They typically have a minimum ultimate characteristic tensile strength between 1000 MPa and 1100 MPa, although a higher strength steel grade is available. Jacking forces range from 135 kN to over 3000 kN. Bars are formed in straight lengths by the hot rolling of steel rods and are either smooth or deformed on the surface. The bars are generally placed into ducts cast into the concrete between two anchor blocks located on the concrete surface. Bars are stressed by pulling from one end, using a stressing jack placed against the anchorage arrangement, and then held in place by a nut assembly. Figure 15.7 shows a picture of prestressing strand.
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Fig. 15.7     Prestressing strand.



At each end of a tendon the force is transferred into the concrete by an anchorage system. For pre-tensioned strands the anchorage is by bond and friction of the bare strand cast into the concrete, while for post-tensioned tendons anchorage is achieved by using anchor blocks or an encased dead end anchor. For a post-tensioning, the bar is held in place by the threaded nut and the force from the bar is transferred through the threads and the nut and on to the anchor block that is cast into the concrete. The hole on the near side of the anchor block assists with the grouting of the duct and the anchorage arrangement after stressing has been completed.
Stressing of multi-strand tendons is undertaken using jacks placed over the anchorage and tendon. The jack grips each strand and pulls the tendon until the required force is generated. Wedges are then pushed into place around the strand and seated into the anchor block, so that on the release of the force by the jack the wedges grip the strand and transfer the force on to the anchorage and into the concrete. The strands and wedges are seated into holes formed in the anchor block, which rests against the bearing plate and trumpet, cast into the concrete. A typical anchorage block (end block) is shown in Fig. 15.8.













Fig. 15.8 Anchorage block.
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The end zone (or end block) of a post-tensioned member is a flared region which is subjected to high stress from the bearing plate next to the anchorage block. It needs special design of transverse reinforcement. The design considerations are bursting force and bearing stress.
The stress field in the end zone of a post-tensioned member is complicated. The compressive stress trajectories are not parallel at the ends. The trajectories diverge from the anchorage block till they become parallel. Based on Saint Venant’s principle, it is assumed that the trajectories become parallel after a length equal to the larger transverse dimension of the end zone. Figure 15.9 shows the external forces and the trajectories of tensile and compressive stresses in the end zone.













Fig. 15.9 Stress trajectories at the end zone of a post-tensioned beam.

The local zone is the region behind the bearing plate and is subjected to high bearing stress and internal stresses. The behaviour of the local zone is influenced by the anchorage device and the additional confining spiral reinforcement. The general zone is the end zone
region which is subjected to spalling of concrete. The stress is compressive for a distance 0.1yo from the end. Beyond that it is tensile. The tensile stress increases and then drops down to zero within a distance yo from the end.
The transverse tensile stress is known as splitting tensile stress. The resultant of the tensile
stress in a transverse direction is known as the bursting force (Fbst).
Transverse reinforcement is provided in each principle direction based on the value of Fbst. This reinforcement is called end zone reinforcement or anchorage zone reinforcement or bursting links. The reinforcement is distributed within a length from 0.1yo to yo from an end of the member. The amount of end zone reinforcement in each direction (Ast) can be calculated from the following equation:F



Ast

bst
fs


(15.1)

The stress in the transverse reinforcement (fs) is limited to 0.87fy. When the cover is less than 50 mm, fs is limited to a value corresponding to a strain of 0.001. The end zone reinforcement
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is provided in several forms, some of which are proprietary of the construction firms. The forms are closed stirrups, mats or links with loops. The local zone is further strengthened by confining the concrete with spiral reinforcement. The performance of the reinforcement is determined by testing end block specimens. The end zone may be made of high strength concrete. The use of dispersed steel fibres in the concrete (fibre reinforced concrete) reduces the cracking due to the bursting force. Proper compaction of concrete is required at the end zone. Any honeycomb of the concrete leads to settlement of the anchorage device. If the concrete in the end zone is different from the rest of the member, then the end zone is cast separately.





Step 1:	Assume overall thickness of the slab to be 50 mm/meter span of the deck.

Step 2:	Find out the dead load moment and shear force.

Step 3:	Find the maximum live load bending moment and shear force for a particular IRC loading under consideration.
Step 4:	Check whether actual section modulus provided for the slab is more than the minimum section modulus of the slab section. The minimum section modulus is given by:


Zmin	Mq

(1	)Mg
fbr


(15.2)


where Mq is dead load bending moment, Mg is live load bending moment,	is loss ratio, fbr = ( fct – ftw), fct: permissible stress in concrete at transfer to be obtained from IRC :18–2000, ftw: permissible tensile stress under working loads.
Step 5:     Find the minimum prestressing force required. The minimum prestressing force is given by the relation:


P

A( finf Zb	fsupZt
Zb	Zt


(15.3)

where A is cross-sectional area of slab per one-metre width, finf and fsup are the prestress in the concrete developed at the top and bottom fibres respectively. Zb and Zt are the section modulus of the bottom and top fibres.
Step 6:     Calculate the prestress that can be sustained by each cable by assuming the permissible level of presterss. Find out the spacing of cables.
Step 7:     Find the eccentricity of the cables using the formula:



e

ZtZb( finf	fsup)
A( fsupZt	finf Zb )


(15.4)

Step 8:	Check for stresses at service loads.
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Step 9:     Check for the ultimate shear resistance of support section of the slab. If ultimate shear force is less than 50% ultimate shear strength, no shear reinforcement is required.

Step 10:

Step 11:

Design supplementary reinforcement.

Design the end block reinforcement.






Data for the Design Clear span: 9 m.
Clear width of roadway: 7.5 m.
Foot paths: 600 mm wide on either side.
Thickness of wearing coat: 100 mm at the centre of the road. Live load: IRC class AA tracked vehicle.
Type of construction/structure: class-I.
Materials: M-50 grade concrete and 7 mm dia high strength strands with ultimate tensile strength at 1500 MPa. The cable consists of 12 strands anchored at the end with a suitable diameter anchor block.
Compressive strength of concrete at transfer (fci) = 40 MPa.

Permissible stresses
The permissible compressive stresses in the concrete at transfer and at working loads as recommended in IRC-18 (2000) are as follows:
fct < 0.5 fci = 0.5	40 = 20 MPa Loss ratio =	= 0.8
Permissible compressive stress in concrete under service loads (fcw) = 0.33 fck (fck is characteristic strength of concrete, in this example, it is 50 MPa), fcw = 0.33	50 = 16.5 MPa
Allowable tensile stress in concrete at initial transfer of prestress (ftt) = 0 Allowable tensile stress in concrete under service loads (fcw) = 0

Dead load bending moment and shear force
Since the slab is prestressed, the thickness may be reduced and could be taken at 50 mm per metre span of the slab.
Overall thickness of the slab: 9	50 = 450 mm. Width of the bearing: 400 mm.
Therefore, the effective span = 9 + 0.4 = 9.4 m.
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Dead weight of the slab = (0.45	24) = 10.8 kN/m2 Dead weight of wearing coat: (0.1      22) = 2.2 kN/m2 Total dead load = 10.8 + 2.2 = 13 kN/m2
Dead load bending moment (Mg) = (13	9.42)/8 = 143.6 kN.m. Dead load shear force = (13	9.4)/2 = 61.1 kN.

Live load bending moment
The maximum live load bending moment is generated in the slab when the IRC class AA tracked wheel is centrally placed on the slab.
Impact factor is taken as 10% as the span is more than 9 m. Effective length of the load = 3.6 + 2(0.45 + 0.1) = 4.7 m.
The arrangement of the wheel on the span of the slab is shown in Fig. 15.10.






Fig. 15.10     Placement of IRC class AA load for maximum bending moment.

Effective width of load dispersion perpendicular to span is given by (refer Chapter 7):



bef	x 1

x
l	1	(15.5)b



Width of the slab = 7.5 + 2	0.6 = 8.7 m
Therefore, k = B/l = 8.7/9.4 = 0.92, from IRC–21–2000,	= 2.36. bl = (0.85 + 2	0.1) = 1.05 m.
Substituting the values,


bef	2.36	4.7	1

4.7
9.4


1.05	6.596	6.6 m


Figure 15.11 shows the placement of IRC class AA wheel as per the spacing requirements stipulated by IRC: 6–2000.









Fig. 15.11 Effective width of dispersion for IRC class AA tracked wheel.
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Referring to Fig. 15.11, the width of dispersion for two tracks is given by

B = 2.225 + 2.05 + 3.3 = 7.575 m

Therefore, the intensity of live load = 4.70 7.575 = 21.63 kN/m21.1	700


Maximum bending moment due to live load

= 21.63	4.7	0.5	4.7 – 21.63	4.7	0.5	4.7	0.25 Mq = 179.17 kN.m

Maximum live load shear
The placement of wheel for obtaining maximum shear force is as shown in Fig. 15.12.






Fig. 15.12     Placement of IRC class AA load for maximum shear force.

Effective width of dispersion of a wheel:



bef	2.36 2.35	1

2.35
9.4


1.05 5.21 m

Net effective width of dispersion: B = 2.225 + 2.05 + 5.21/2 = 6.9 m
Intensity of live load to be considered for computing shear force = 1.10 6.9     = 23.74 kN/m2700
4.7


Maximum live load shear force = (23.74	4.70	(9.4 – 2.35))/9.4 = 83.68 kN

Dead load shear force = 61.1 kN

Total Design Shear = 83.68 + 61.1 = 144.8 kN.

Verification of section modulus provided
As slab provides a symmetrical section, section modulus



Zt = Zb = Z =

1000	4502
6


= 33.75	106 mm3


The permissible stress in concrete at transfer (fct) is obtained from IRC 18–2000. fct = 20 MPa, fcw = 16.5 MPa, ftw = 0,	= loss ratio = 0.8,
fbr = ( fct – ftw) = (0.8	20 – 0) = 16 MPa
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The minimum section modulus to be provided is given by


Zmin	Mq

(1	)Mg
fbr


(15.6)



=	179.17

(1 0.8)143.6
16


106   12.99 106	33.75 106 mm3


Therefore, the section provided is sufficient to resist the service loads.

Prestressing force required
The required prestressing force is given by



P

A(finf Zb
Zb

fsupZt )
Zt




fsup	ftt


Mg
Zt


0

143.6 106
33.75 106


4.25 MPa



finf	ftw


(Mq	Mg )
Zb


0

(179.17     143.6)106
0.8     33.75 106


11.95 MPa



P	1000 450

(11.95 33.75 106	4.25 33.75 106)
2 33.75 106


1732.5 103 N 1732.5 kN


Using cables containing 12 strands of 7 mm diameter stressed to 1200 MPa,

Force in each cable = (12	72	1200)/(4	1000) = 554 kN

Spacing of cables = (1000 2554)	319.76 mm	320 mm c/c173 .5


Eccentricity of cables
The eccentricity of the cable is measured at the centre of span. It is given by the relation:



e

Zt Zb( finf
A( fsupZt

fsup)
finf Zb)


(15.7)




e

33.752      1012(11.95 4.25)
1000 450 33.75 106( 4.25 11.95)


157.8 158 mm
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The eccentricity is to be made available at the centre of the span only. To achieve this, the cables should be given parabolic profile.

Check for stresses
(a)	Check for failure by yielding of steel

As per IRC 18–2000, for under-reinforced section:
Mu	0.9dp Ap fp	(15.8)
where, Ap = The area of high tensile steel = (12	38.5	1000)/320 = 1443.75 mm2
fp = The ultimate tensile strength of steel without definite yield point or stress at 4% elongation whichever is higher (taken as 1500 MPa).
dp = The depth of the slab from the maximum compression edge to the CG of the steel tendons (225 + 158 = 383 mm).
Mu = 0.9	383	1443.75	1500 = 746	106 N.mm

(b)	Failure by crushing of concrete

As per IRC 18–2000, for a rectangular section, the ultimate moment required for crushing of concrete is given by
Mu	0.176bdb fck = 0.176	1000	3832	50 = 1290	106 N.mm2

The actual ultimate moment of resistance to be chosen is smaller of the two values calculated in above steps.
Mu = 746	106 N.mm
According to IRC 18–2000,
Required ultimate capacity of the section = 1.5Mg + 2.5Mq
= 1.5	143.6 + 2.5	179.17 = 663.32 kN.m or 663.32	106 N.mm
Therefore, the ultimate moment capacity of the section (746	106 N.mm) is greater than the required ultimate moment.

(c)	Check for ultimate shear strength

Ultimate shear force = 1.5	dead load shear + 2.5	live load shear

Vu = 1.5	61.1 + 2.5	83.68 = 300.85 kN
As per IRC 18–2000, the ultimate shear resistance of support section uncracked in flexure is given by

co	0.67bd ft2	0.8fcp ft	(15.9)V


b = width of slab = 1000 m
d = overall depth of slab = 450 mm
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ft = principal tensile stress given by 0.24	fck = 0.24 50 = 1.69 MPa



fcp = compressive prestress at centroidal axis =

0.8 1732.5 103
1000	450


3.1MPa


co	0.67 1000 450 1.692	0.8 3.1 1.69	800384.55 N 800.4 kNV


Since the ultimate shear force (Vu) is less than 50% of the ultimate shear resistance Vco, no shear reinforcement is required.

Design of supplementary reinforcement
Supplementary reinforcement may be provided at 0.18% of the gross sectional area. As = (0.18	1000	450)/100 = 810 mm2
10 mm dia HYSD bars may be provided at 200 mm c/c both at top and bottom faces of the slab in both the directions.

Design of end block
The concentric cables each carrying a force of 554 kN are placed at 320 mm c/c create a bursting force at the support section. Owing to this force, bursting tension will be developed across the section of the slab near the support. Suitable tension reinforcement is to be provided to counteract this effect. The bursting tension force may be computed using the Table 15.1 as recommended in IRC 18–2000.

Table 15.1 Design bursting tensile force in end blocks


Ypo/Yo	0.3
Fbst/Pk	0.23

0.4	0.5	0.6	0.7
0.2	0.17	0.14	0.11


Here, 2Ypo = side of loaded area (320 mm), Pk = Tendon force (554 kN) Yo = Side of end block (150 mm), Fbst = bursting tensile force
Ypo/Yo = 150/320 = 0.468 = 0.5 for this ratio, Fbst/Pk = 0.17 Fbst = 0.17	554 = 94.18 kN
Using 10 mm dia Fe-250 grade steel bars as end block reinforcement, the area of steel required would be = (94.18	103)/(0.87 fy) = (94.18	103)/(0.87	250) = 433 mm2
10 mm dia bars at 100 mm centre in the vertical and horizontal directions have been provided at distances of 100 mm and 200 mm respectively.
The longitudinal and cross section of the deck slab is shown in Figs. 15.13 and 15.14.
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Data for the Design
Effective span: 25 m.
Clear width of roadway: 7.5 m. Foot paths: 1 m wide on either side.
Thickness of wearing coat: 100 mm at the centre of the road. Spacing of cross girders: 5 m c/c.
Live load: IRC class AA tracked vehicle. Type of construction: class-I.
Materials: M-40 grade concrete for deck slab and M-50 grade concrete for girders, 7 mm dia high strength strands with ultimate tensile strength at 1500 MPa. The cable consists of 12 strands anchored at the end with a suitable diameter anchor block.
Compressive strength of concrete at transfer (fci) = 40 MPa.

Permissible stresses and design constants
The permissible compressive stresses in the concrete at transfer and at working loads as recommended in IRC–18 (2000) are as follows:
fct < 0.5 fci = 0.5	40 = 20 MPa Loss ratio =	= 0.8
Permissible compressive stress in concrete under service loads (fcw) = 0.33 fck (fck is characteristic strength of concrete, in this example, it is 50 MPa), fcw = 0.33	50 = 16.5 MPa
Allowable tensile stress in concrete at initial transfer of prestress (ftt) = 0 Allowable tensile stress in concrete under service loads (fcw) = 0
The design constants are computed as follows:

For M40 concrete and Fe 415 steel, as per IRC 21–2000



n

10 200
10 200 13.33


0.4




j 1

n
3


1

0.4
3


0.866




Q

1
2


13.33 0.4 0.866	2.3

The preliminary dimensions of the different components of the deck are as shown in Fig. 15.15.
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Fig. 15.15     Cross-section of bridge deck.

Design of interior slab panel
(a)	Dead load bending moment and shear force
Dead weight of the slab = (1	1	0.25	24) = 6.00 kN/m2 Wearing coat = (0.1	22) = 2.2 kN/m2
Total design load = 8.2 kN/m2
Total dead load on the panel = 5	2.5	8.2 = 102.5 kN
As the panel is loaded with uniformly distributed dead laod, the ratios U/B = 1, V/L = 1, k = B/L = 2.5/5 = 0.5 and 1/k = 2.0. Referring to the Pigeaud’s curve (Fig. 15.16), we find:
m1 = 0.047 and m2 = 0.01. Using the moment coefficients, the dead load bending moments in short and long span directions are arrived at
MBD = 102.5(0.047 + 0.15	0.01) = 4.97 kN.m MLD = 102.5(0.01 + 0.15      0.047) = 1.74 kN.m
Dead load shear force = (0.5	8.2	2.3) = 9.43 kN











Fig. 15.16 Moment coefficients for slabs completely loaded with uniformly distributed load. m1 and m2 correspond to k and 1/k respectively.
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(b)	Live load bending moment and shear force

In order to generate maximum live load bending moment, the IRC Class AA tracked wheel (single) is placed on the panel of the slab as shown in the Fig. 15.17.



















Fig. 15.17 Placement of IRC Class AA tracked wheel on the panel.

The dispersion length of the wheel = U = (0.85 + 2	0.1) = 1.05 m The dispersion width of the wheel = V = (3.60 + 2      0.1) = 3.8 m
The ratios U/B = 1.05/2.5 = 0.42, V/L = 3.8/5.0 = 0.76 and K = B/L = 2.5/5.0 = 0.5

Referring to Pigeaud’s curve corresponding to K = 0.5, the moment coefficients for short and long span of the slab are: m1 = 0.095 and m2 = 0.025
Short span and long span live load bending moments are:

MBL = 350(0.095 + 0.15
MLL = 350(0.025 + 0.15

0.025) = 34.6 kN.m
0.095) = 13.73 kN.m

As the slab is continuous, design live load bending moment may be taken as 80% of the actual. Considering impact factor to be 25%.

MBL = 1.25
MLL = 1.25

0.80	34.6 = 34.6 kN.m
0.80	13.73 = 13.73 kN.m

(c)	Live load shear force

Live load shear force can be calculated by approximate method. In order to obtain maximum shear, the wheel is placed such that the dispersion is contained within the interior panel of the slab.
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Span ward dispersion length of the wheel load = 0.85 + 2(0.1 + 0.25) = 1.55 m

The arrangement of the wheel is as shown in Fig. 15.18.













Fig. 15.18     Placement of wheel on the panel for maximum shear force.


Effective width of slab =	x 1

x
l	1b


Clear length of the panel = (5 – 0.2) = 4.8 m,	B/L = 4.8/2.3 = 2.08.

From IRC 21–2000, for B/L = 2.08,	is 2.6 for continuous slab.



Effective width of the slab = 2.6	0.775	1

0.775
2.3


(3.6	2	0.1)	5.136 m

Live load per metre width of the slab = 350/5.136 = 68.15 kN = 68 kN Shear force per metre width of the slab = 68(2.3 – 0.775)/2.3 = 45.1 kN Shear force considering impact = 1.25	45 = 56.25 kN.

Design of the slab
TotalM = 34.6 + 4.97 = 39.57 kN.m ML = 13.83 + 1.74 = 15.6 kN.mB




Effective depth of the slab = d =

M	39.57 106
QB	2.3 1000


131.16 mm


Adopting effective depth as 200 mm, the area of steel is:

39.57 106
st	200     0.86     200A =



1150 mm2


Using 14 mm bars at 130 mm c/c (area of steel actually provided Ast = 1184 mm2) Effective depth available along long span using 10 mm bars = 200 – 7 – 5 = 188 mm
[bookmark: _page_188_0]




Prestressed Concrete Bridge Decks

Area of steel in transverse direction, Asd = 2005.0.860 188	482.43 mm2 The bars are to be placed at 160 mm c/c.1 6 1
6


(d)	Check for shear stresses

The design shear force = dead load shear + live load shear = 9.43 + 56.25 = 65.68 kN



Nominal shear stress = bdV


65.68 103
1000     210


0.312 N/mm2


For percentage of steel 1000 1210     0.56 and for M40 concrete, permissible shear stress is 0.32 N/mm2. Considering multiplication factor of 1.10, the actual permissible shear stress is100	184

found to be 1.10	0.32 = 0.352. Therefore, the shear stress in the slab is within permissible limits.

Design of longitudinal girder
First, it is required to find Courbon’s reaction factor, for this IRC class AA loads are arranged for maximum eccentricity as shown in Fig. 15.19.










Fig. 15.19     Transverse arrangement of IRC class AA tracked vehicle.

Reaction factor for exterior girder (A or D)1
1




RA

2W	4I 3.75 1.1
4	(2I 3.752) (2I 1.252)


0.764W1



Reaction factor for interior girder (B or C)1
1




RB

2W	4I 1.25 1.1
4	(2I 3.752) (2I 1.252)


= 0.588W1


Here, W = 700 kN, W1 = W/2,	RA = 0.764	W/2 = 0.382 W, RB = 0.588	W/2 = 0.294W
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Dead load from the deck of the bridge
The cantilever portion of the deck is shown in Fig. 15.20.














Fig. 15.20     Cantilever portion of the deck.

Loading from parapet railing: 0.8 kN/m
Loading from footpath: (0.3	24	1) = 7.2 kN/m Loading from deck slab = (0.25      1      24) = 6.0 kN/m
Total dead load from one portion of the cantilever = 14 kN/m
Total dead load from the deck = [Dead load of two cantilever portions] + [Dead load of slab] = 2	14 + 8.2	7.5 = 89.5 kN
This dead load is assumed to be equally shared by all the four girders. Thus, load per girder is 89.5/4 = 22.37 kN.

Dead load of the main girder
Assuming a depth of 60 mm per metre span of the girder, the overall depth of the main girder is 60	25 = 1500 mm. The section of the girder is assumed as shown in Fig. 15.21. The bottom flange is wide enough to accommodate cables.
The self-weight/metre run of the girder (by considering the section to be plain) = 0.5	0.45	24 + 1.0	0.2	24 = 10.2 kN/m
Weight of the cross girder (assuming the depth to be 1 m) = 1	0.2	24 = 4.8 kN/m

Dead load bending moment and shear of the main girder
With the dead loads arrived in the previous step, the dead load bending moment and shear force is calculated:
Reaction of cross girder on main girder = 4.8	2.5 = 12 kN Reaction from the deck slab = 22.37 kN/m
[bookmark: _page_196_0]




Prestressed Concrete Bridge Decks






















Fig. 15.21 Cross-section of the girder.

Total dead load on the girder including self-weight = 22.37 + 10.2 = 32.6 kN/m The loading is sketched in Fig. 15.22.






Fig. 15.22 Arrangement of dead loads on the main girder.

The maximum dead load shear force and bending moment is computed using the Fig. 15.20.

Maximum shear force = reaction at the support = 0.5	(12	4 + 36.2	25) = 475.5 kN
Maximum bending moment = 32.6 2 252	24 12.5 12	7.5 12	2.5 = 3008.125 kN-m1


Live load bending moment
Live load bending moment in the girder is calculated using the Fig. 15.23.
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Fig. 15.23     Influence diagram for maximum bending moment.

Bending moment at the center of the girder = 0.5	(6.25 + 5.35)	700 = 4060 kN-m Bending moment for the outer girder considering impact factor and reaction factor
= 1.1	0.382	4060 = 1706.01 kN-m
Bending moment for the inner girder is = 1.1	0.294	4060 = 1313 kN-m.

Live load shear force in girder
The disposition of the wheels for computing shear force is shown in Fig. 15.24.












Fig. 15.24     Disposition of wheels for finding shear force in longitudinal girders.


Reaction of W2 on girder B = (350
Reaction of W2 on girder A = (350

0.45)/2.5 = 63 kN
2.05)/2.5 = 287 kN

Total load on girder B = (350 + 63) = 413 kN

Using the magnitude of reaction arrived in above steps; maximum reaction (shear force) in the girders is calculated.

Maximum reaction in girder B = (413
Maximum reaction in girder A = (287

23.2)/25 = 383.26 kN
23.2)/25 = 266.4 kN


The design live load shear force for inner girder considering impact factor is = 383.3	1.1 = 421.6 kN
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For outer girder = 1.1	266.4 = 293 kN
A summary of design bending moments and shear forces are given in Table 15.2.

Table 15.2     Summary of design moments and shear forces in beams


Bending Moment
Outer Girder Inner Girder
Shear force
Outer Girder
Inner Girder

Owing to dead load
3008 kN-m 3008 kN-m
Owing to dead load
475.5 kN
475.5 kN

Owing to live load
1706 kN-m 1313 kN-m
Owing to live load
293 kN
421.6 kN

Design value
4714 kN-m 4321 kN-m
Design value
769 kN
897 kN


Sectional properties of the girder
The cross section of the beam is simplified to ease out the calculations pertaining to the sectional properties. Thus, the top flange is 1200 mm	250 mm, web = 200 mm	800 mm and the bottom flange = 500 mm	450 mm
Area of cross section = A = 1200	250 + 200	800 + 500	450 = 69.75	104 mm2

Distance of the centroid axis from top = yt
= (1200	250	125 + 200	800	650 + 500	450	1275)/(69.75	104)
= 614.15 mm
Distance of the centroid axis from the bottom = yb = 1500 – 615.15 = 884.85 mm Moment of inertia of the section about centroid axis is



I =

1200	2503
12


1200	250     (614.15 125)2 (MI of top flange)



200     8003
12+



200     800	(650	614.15)2 (MI of web)



500	4503
12+



500	450	(884.85     850)2 = 14.37	1010 mm4

Section modulus of bottom section = Zb = (I/yb) = (14.37	1010)/884.85 = 1.624	108 mm3 Section modulus of top section = Zt = (I/yt) = (14.37	1010)/614.15 = 2.33	108 mm3

Check for the adequacy of the section adopted
Making use of the section properties, the adequacy of the section is verified. Various design parameters to be used are listed.
fck = 50 MPa,	= 0.85, fci = 40 Mpa, fct = 20 MPa, fcw = 16.5 MPa,
fbr = ( fct – ftw) = (0.85	20 – 0) = 17 MPa, ftr = (fcw – ftt) = 16.5 MPa, Mq = 1706 kN-m, Mg = 3008 kN-m, Md = Mq + Mg = 4714 kN-m
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finf = ftw/     + Md/(	Zb) = 0 + (4714	106)/(0.85	1.624	108) = 34.14 MPa fsup = ftt – Mg/Zt) = 0 – (3008	106)/(2.33	108) = –6.45 MPa
Required section modulus for the bottom section of the beam


Zmin	Mq


(1	)Mg
fbr


= (1706	(1

0.85)	3008) 106
17

= 1.268	108 < 1.624	108 mm3

Hence, section provided is just adequate.

Prestressing force
With a maximum cover of 150 mm, the eccentricity provided for the prestressing force is (884.5 – 150) = 734.5 mm. Prestressing force is computed using the formula



P

(A.finf Zb) (Zb        A.e)


(69.75 104	34.14 1.624 108)
(1.624 108	69 104	734.5)


4.725 106 N	4725 kN


Using 7-strands of 15.2 mm diameter in a cable, force in each cable = (7	181.45	1500) = 1905 kN
Therefore number of cables = 4725/1905 = 2.48	3
Area provided by three cables = 3	7	181.45 = 3810.45 mm2
The arrangement of cables at the central section of the girder is shown in Fig. 15.25.

















Fig. 15.25 Placement of cables at centre span section.
[bookmark: _page_211_0]




Prestressed Concrete Bridge Decks

Permissible tendon zone at support section
To avoid stress concentration at the supports, the cables are to be placed in such a way to satisfy

the eccentricity requirements.

Zb fcr   Zb   1.624 108	20 P	A	4725 103e  




1.624 108
69.75 104



687.4 mm



Zb ftw   Zb  
P	Ae  	0


1.624 108
69.75 104


232.83 mm


The cables are arranged on a parabolic profile providing an eccentricity of 150 mm towards the top flange of the beam at support section. The arrangement of cables is shown in Fig. 15.26.























Fig. 15.26 Arrangement of cables at support section.

Check for stresses
The stress levels in the section of the beam located at centre of the span are checked. We have
P/A = (4725	103)/(69.75	104) = 6.77 MPa
(P.e)/Zt = (4725	103	734.5)/(2.33	108) = 14.88 MPa (P.e)/Zb = (4725      103        734.5)/(1.624      108) = 21.37 MPa
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(Mg/Zt) = (3008	106)/(2.33	108) = 12.90 MPa (Mg/Zb) = (3008	106)/(1.624      108) = 18.52 MPa (Mq/Zt) = (1706	106)/(2.33	108) = 7.32 MPa (Mq/Zb) = (1706	106)/(1.624      108) = 10.50 MPa
Stresses at transfer of prestress

In top fibres     t = (P/A) – (Pe/Zt) + (Mg/Zt) = 6.77 – 14.88 + 12.90 = 4.79 MPa
In bottom fibres     b = (P/A) + (Pe/Zb – (Mg/Zb) = 6.77 + 21.37 – 18.52 = 9.62 MPa
Stresses at working stage

In top fibres     t = ( P/A) – ( Pe/Zt) + (Mg/Zt) + (Mq/Zt)
= 0.85	6.77 – 0.85	14.88 + 12.9 + 7.32 = 13.32 MPa In bottom fibres     t = ( P/A) + ( Pe/Zb) – (Mg/Zb) – (Mq/Zb)
= 0.85	6.77 + 0.85	21.37 – 18.52 – 10.50 = –5.1 MPa
It is observed that the stresses at bottom as well as top layers of the girders under the two conditions considered are well within the limits.

Check for ultimate flexural strength of the beam
The ultimate moment to be considered (IRC: 18–2000)

Mu = 1.5Mg + 2.5Mq
= 1.5	3008 + 2.5	1706 = 8777 kN-m

Under ultimate load conditions, the failure may either occur by yielding of the steel (under-reinforced) or by the direct crushing of the concrete (over reinforced). Ultimate moment of resistance of the section, under these two alternative conditions of failure is calculated by the following formulae and the smaller of the two values shall be taken as the ultimate moment of resistance of the section for design.

(i)	Failure by yielding of steel
Mu = 0.9dbAs fp
where, As=the area of high tensile steel.
db = the depth of the beam from the maximum compression edge to the centre of gravity of the steel tendons.
fp = the ultimate tensile strength for steel without definite yield point or yield stress at
4% elongation whichever is higher for steel with a definite yield point. = 0.9	1350	3810	1860 = 8.61	109 N-mm

(ii)	Failure by crushing of concrete
For T-beam section, the ultimate moment is given by



Mu	0.176bdb fck2


2
3


0.8(Bf	b) db	2 tfckt
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where, b = the width of the web, Bf 0 = the width of the flange and t = thickness of flange.

Mu = 0.176     200     13502

2
3


0.8     (1200	200)	1350

250
2


250	50

= 8.23	109 N-mm = 8230 kN-m

As the required ultimate moment 8230 kN-m < 8777 kN-m the section is safe. Check for ultimate shear strength of the beam
The ultimate shear force to be considered = 1.5Sg + 2.5Sq where, Sg is dead load and Sq is live load shear force.
Vu = 1.5	475.5 + 2.5	421.6 = 1767.25 kN
According to IRC 18–2000, the ultimate shear strength of the section uncracked in flexure, Vco corresponds to the occurrence of a maximum principal tensile stress, at the centroidal axis of the section, of ft = 0.24 fck. In the calculation of Vco, the value of prestress at the centroidal axis has to be taken as 0.8 fcp. The value of Vco is given by

co	0.67bd ft2	0.8fcp ft	Psin	(15.10)V


where b = width of rib, d = overall depth of the member, ft maximum principal tensile stress
= 0.24	fck      = 1.7 MPa, fcp = compressive stress at centroidal axis due to prestress taken as positive = (hP/A) = 5.75 MPa
Eccentricity of cables at the centre span = 734.5 mm Eccentricity of cables at support = 150 mm
Net eccentricity = 734.5 – 150 = 584.5 mm
Slope of the cable =	= 4.e/L = (4	584.5)/(25	1000) = 0.093

co	0.67 200 1500	1.72	0.8 5.75 1.7 + (0.85	4725	103	0.093)V


= 1031306.6 N = 1032 kN

Ultimate shear resistance considered = 1767.25 kN	1767 kN Ultimate shear capacity of the section = 1032 kN
Balance shear = 1767 – 1032 = 735 kN
Shear reinforcement is to be designed to resist the balance shear Using 10 mm diameter stirrups the spacing is given by

S	0.87

fy	Asv	d	0.87
V


415 2	79 1450
735 103

= 112.53 mm
Provide 10 mm diameter stirrups at 110 mm c/c near support and at a spacing of 220 mm c/c near the centre of the span.
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Design of supplementary reinforcement
Longitudinal supplementary reinforcement at 0.15% of gross cross-sectional area is provided to limit the shrinkage cracks.
Area of steel = As = (0.0015	69.75	104) = 1046.25 mm2
14 mm diameter bars (8 numbers) are placed in the compression flange of the beam as shown in Fig. 15.27.




















Fig. 15.27 Reinforcement at centre of span section.

Design of end block
End block is designed to distribute the concentrated prestressing force at the anchorage. It shall have sufficient area to accommodate anchorages at the jacking end and shall preferably be as wide as the narrowest flange of the beam. Length of end block in no case be less than 600 mm nor less than its width. Generally, end blocks are provided at supports for a length of 1.5 m. The bursting forces generated during the post-tensioning should be assessed on the basis of the ultimate strength. The bursting force, Fbst existing in an individual square end block located by symmetrically placed square anchorage or bearing plate, may be derived from Table 15.1.

Pk = force in each cable = 1905 kN, 2ypo = 225 mm, and 2yo = 900 mm The ratio (ypo/yo) = 0.25, the bursting force = 0.23	1905 = 438.15 kN3	2

Area of steel required to resist this tension is = (438.15	10 )/(0.87	415) = 1214 mm Provide 12 mm bars at 100 mm c/c in the horizontal and transverse direction as shown in Fig. 15.28.
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Fig. 15.28 Equivalent prisms and anchorage zone reinforcement.




1.     Design a prestressed concrete slab for the following data:

Span (clear): 4.5 m
Live load: IRC class 70R Road: National Highway
Foot Path: 1 m on either side.
Materials: M40 concrete and high strength steel.
The compressive stress permissible in concrete during transfer: 16 MPa.

2.     Design a post-tensioned prestressed concrete T-beam and slab bridge deck to suit the following data:
Effective span: 28 m
Road width: 7.5 m with kerbs 600 mm wide on either side. Loading: IRC class AA tracked vehicle.
Materials: M50 concrete and high tensile steel confirming to IS:6006 and supplementary reinforcement comprising Fe-415 grade HYSD bars. Permissible stresses are as per IRC 18–2000. Loss ratio = 0.80.
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Chapter 16	Artificial Intelligence
in Bridge Engineering














Artificial intelligence (AI) is a field of science and engineering concerned with the computational understanding of what is commonly called intelligent behaviour, and with the creation of artifacts (software, robots etc…) that exhibit such behaviour.
The field of artificial intelligence (AI) consists of long-standing intellectual and technological efforts addressing several interrelated scientific and practical aims, important ones are:
Constructing intelligent machines, whether or not these operate in the same way as people do;
Formalizing knowledge and mechanizing reasoning, both commonsense and refined expertise, in all areas of human endeavour;
Using computational models to understand the psychology and behaviour of people, animals, and artificial agents;
Making the working with computers as easy and helpful as working with skilled, cooperative, and possibly expert people.
AI has been around since the 1950s, and since then, it has fuelled many visions, dreams, and hopes. The details of realizing the promises included: a machine that will assist in its own programming (that is, a machine that learns), a machine that will be creative by evolving its programmes randomly through mutations (that is, achieving creativity by genetic programming), and the improvement in the hardware. In this Chapter, AI is seen simply as a collection of mainly symbolic computational techniques developed in AI research such as: heuristic search, constraint propagation, inductive learning that will match the functionality desired by the engineering task at hand.
AI applied to bridge engineering has developed into a large collection of studies specializing in solving various engineering subtasks. In a few cases, these studies were conducted closely with practitioners and in most others without such involvement. Even when
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the tasks addressed were significant, such as the conceptual design of bridges, the knowledge utilized was rather limited.
Bridge engineering is characterized by the following:

For some tasks, there are no experts or there is significant historical knowledge that is available and therefore, rule based expert systems could not be coded.
Some of the bridge engineering tasks are coupled with their solutions reqire diverse and intricate knowledge.
Bridge engineering evolves continually by the introduction of new loading requirements, new materials, new structural forms, new quality construction methods, and other technologies such as smart or intelligent structures.
In order to delineate the role that AI techniques can play in bridge engineering, it is required to glance at engineering tasks related to bridges so that it is possible to identify the area that have the greatest benefit from AI techniques. The main tasks associated with bridge engineering are:
1. Decision to commission:     The decision to commission or replace an old bridge draws upon many economical, political, and cultural issues. These issues determine much of the overall context in which a new bridge project is situated. By understanding them one can explain, for example, which kind of bridge suits a particular area.
2. Design:     The design of a bridge is very complex. It starts with reconnaissance to find potential locations for the bridge together with some rough designs that need to pass some public approval. The actual design follows through a conceptual design stage in which aesthetic and economical issues play a major role, and follows through a detailed design stage. Designers need to exercise their judgment regarding many issues such as aesthetics, cost, the determination of loads and failure modes, the selection of appropriate models and analysis techniques, the interpretation of analysis results, constructability, and maintainability.
3. Construction:     This stage involves a separate design in which the detailed design is recreated by the construction company. Included in this design are the selection and planning of the erection method together with the strength calculation of the bridge. Construction involves many planning activities at various levels and finally, it involves the actual erection of the bridge.
4. Operation:     This is basically the function for which the bridge is built. It may involve determining the flow patterns of vehicles at different times, monitoring the weight of trucks or the transportation of hazardous materials.
5. Maintenance:     This involves routine and on-demand inspection of the condition of the bridge that may be followed by decisions to perform rehabilitation procedures, limit the bridge loads, or even close the bridge. This activity involves considerable judgment of many issues and their potential effects on the state of the bridge and its remaining service life. Maintenance decisions of a particular bridge are dependent on the overall status of the bridge.
6. Replacement:     The decision to replace an existing bridge is a part of maintenance activity. It initiates the loop back to the commissioning of the bridge. The replacement decisions
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must be carefully planned and even has to be designed in the early stages and should satisfy the environmental concerns.
The tasks listed above are mutually interactive. Isolating a task from the rest may result in misinformed solutions that are inferior to those that consider the information generated by other tasks. Figure 16.1 maps the information flow in bridge engineering at a certain level of abstraction. It is here that AI comes into picture. It is logical to expect practical benefit from AI techniques that are based on an overall life-cycle view of bridge engineering, which includes the interactions between different tasks.

















Fig. 16.1 The life cycle of information flow of a bridge (Reproduced from Yoram Reich).




Most of the reported works on AI techniques for bridge engineering has focused mainly on design (preliminary) and maintenance because of their relative importance in bridge engineering. Design has large impact on the success of any bridge and it is also considered to be the creative or artistic of all the tasks. This isolation permitted the use of AI techniques for attempting to solve this isolated task. However, the design applications have always drawn information generated by the other tasks. The second issue–maintenance has been pursued because it constitutes the most acute problem in bridge engineering.



There seems to be no work on the applications of AI techniques to this task. Nevertheless, there are numerous studies dealing with risk evaluation of large construction projects. The work cited refers to encoding of interdisciplinary knowledge on risk management for a large construction project into a system and using it over a long period of time by industry.
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There have been several applications of AI techniques in bridge design. Starting from the conceptual design to the aesthetics of bridges many issues have been addressed.
In the conceptual design, the precise location of the bridge at the site is determined together with is form and major components. Some of the published research works covering this task are highlighted below:
A commercial rule based expert system that takes care of preliminary design of bridges was implemented.
Dynamic constraint satisfaction algorithm that can handle continuous variables that support early stages of preliminary design of bridges has been implemented.
Using the knowledge of algorithmic procedure prevalent in Japan, minimum cost selection of superstructure and substructure of bridge was done.
An expert system was developed to address precise site selection through the integration with a geographic information system.
An expert system for the conceptual design of bridges was developed. The knowledge for the system was garnered from several experts.
Preliminary design of bridges was modelled as a mapping from a large number of input parameters to a large number of outputs by a artificial neural network.
An expert system for the preliminary design of cable-stayed bridges. This experimental system showed that learning from existing designs can result in knowledge that can be used to synthesize bridges of a similar type. The system was implemented using two machine-learning tools integrated with a detailed numerical analysis programme.
An expert system was developed for selection of bridge superstructure.
An expert system integrated with analysis tools was developed to design several types of trussed bridges. The expert rules were constructed by learning from simulations.
A system was developed for designing highway bridges including their drawing production. Expert system was developed for the design of bridge abutments and piers.
A rule and frame based shell was integrated with a finite element analysis programme for analyzing alternative designs. It also included visual scanned images for assisting its use in practice and education.
A system was developed to design bridge foundation using commercial expert system tool.



Bridge aesthetics is also an important issue because huge bridge structures can easily dominate the landscape. Several projects have addressed this issue.
A learning algorithm was developed to learn the proportions between various bridge components as well as to encode overall aesthetics of the bridge using a case-based approach.
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Based on the rules extracted from the experts, a system that can quantitatively evaluate the aesthetics of the bridges has been developed.
A CAD tool that integrates knowledge and image processing capabilities has been developed. This package was used to assist the production of aesthetic bridge forms.



The analysis of bridge is basically a quantitative procedure which is based on sound technical principles. However, the practical execution of the analysis involves expertise and heuristics. Several AI based applications have addressed this issue.
A system that integrates heuristics extracted from many sources was developed to determine the dynamic response of highway bridges.
A generic tool for building design critics was developed and used to implement a bridge design critic and a constructibility critic for reinforced concrete bridges.
Several systems were developed for assisting designers in designing against fatigue.



Determination of loads is also a very important step in bridge design. Following applications have been developed.
Seismic loading estimator was developed using object oriented programming language. Objects in this package associate with rules and procedures that encode the knowledge.
Application of evolutionary algorithm based data mining approach to determine gross vehicle weights and vehicle velocities from bridge measurement data.



This stage involves determining the optimal construction schedules. Following are the reported applications of AI.
Expert system that can interpret drawings and determines the construction work needed and schedule it.
A system with augmented object oriented features developed with a panel of experts and potential users to eliminate the effects of errors in bridge fabrication.



This stage involves planning the erection process including construction of false work and making sure that the bridge sustains the loads during the erection. Following applications of AI have been reported:
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A commercial system called welding advisor was developed by consulting firm and has been used on site for selection of appropriate welding procedure and diagnosing field welding defects. The system uses production rules implemented using commercial expert system and spreadsheet tools.
Logic programming concept was used to develop a package that can select erection method for a particular bridge.



This task involves the continuous checking of the structure conditions. Following are the development of applications of AI in this area.
A blackboard system was developed to monitor the bridge in-situ. This system contained knowledge about interpreting measured signals from radar sensors. A preliminary experiment with data collected suggested that the approach could be useful for the analysis of bridge deck deterioration.
A system that can provide early warning against collapse. This system compares the dynamic response of the bridge due to normal loading to a predetermined bridge signature.
A neural network model for in-situ dynamic analysis of bridges.
An expert system was developed for monitoring of a cable-stayed bridge. The system can also detect faults in its instrumentation.
A real time neural network system for monitoring single spanned bridges and reducing the mid span deflection.

Added to this, significant work has been done on AI applications to bridge maintenance including support for inspection, evaluation, retrofits, and scheduling activities.




There are other computational techniques that need to be integrated together with AI. It is desirable that all these new tools need to be integrated together with existing tools used presently by practioners. The emerged tool should be able to address information modelling, information analysis and information communication. The information modelling facility should be used to model information originating from various data acquisition tools, such as sensors. The major technologies for supporting this facility are:
Databases for storing product models and other information related to bridges. User interfaces.
Multimedia technologies.
Some AI techniques that can play a supportive role will include: Knowledge representation techniques.
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Knowledge acquisition tools. Machine learning techniques.
The information analysis facility is to facilitate the user to extract pieces of knowledge from the enormous amount of data. The AI related technologies that play a major role in this context are:
Machine learning concepts and tools.
Natural language processing for extracting information from textual information.

The information communication facilities rely on having compressed information into usable, comprehensible pieces of knowledge that can be transferred. These pieces can be in the form of sets of heuristic rules, relationships between parameters of design and bridge performance. Networking and distributed database technology can provide the means for people to communicate and share the information stored.





The depth of scour is an important parameter for determining the minimum depth of foundations as it reduces the lateral capacity of the foundation. It is for this reason that extensive experimental investigation has been conducted in an attempt to understand the complex process of scour and to determine a method of predicting scour depth for various pier situations. To date, no generic formula has been developed that can be applied to all pier cases to determine the extent of scour that will develop.
The mechanism of flow around a pier structure is so complicated, that it is difficult to establish a general empirical model to provide accurate estimation for scour. Interestingly, each of the proposed empirical formula yields good results for a particular data set, an alternative approach, artificial neural network (ANN) has been extensively used to estimate the equilibrium and time dependent scour depth with numerous reliable database. Numerous ANN models, multi-layer perceptron using back propagation algorithm (MLP/BP) and radial basis function using orthogonal least-squares algorithm (RBF/OLS), Bayesian Neural Network (BNN) and Single Artificial Neural Network (SANN) were used.
The equilibrium scour depth was modelled as a function of five variables; flow depth, mean velocity, critical flow velocity, mean grain diameter and pier diameter. The time variation of scour depth was also modelled in terms of equilibrium scour depth, equilibrium scour time, scour time, mean flow velocity and critical flow velocity. In all the published works, the training and testing data were selected from the experiments and from valuable references.
Scour is a local phenomenon that takes place in the vicinity or around a structure (piers, piles, abutments etc.) in flowing water, due to modification of flow pattern, results in increase of local shear stress. This, in effect, dislodges the material on stream bed, results in local scour. River flow past a pier or an abutment causes three-dimensional flow separations—a system of vortex pairs developed in separated flow. Between them, the primary vortex is more dominating, wraps round the pier in the form of horse shoe-vortex. The magnitude and strength
of this vortex depends on the geometry of pier and the magnitude of approaching velocity.
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The estimation of correct depth of scour below the stream bed is very important, because it determines the depth of foundation. The phenomenon of bridge pier scour is of paramount concern to hydraulics engineering profession, because without this detailed knowledge, bridge failures can occur. As per National Bridge Register (NBR) of America, out of 577,000 bridges, more than 26,000 of them have been found to be scour-critical, due to erroneous prediction of scour depth during engineering design. In this context, Indo-Gangitic belt of the Indian sub-continent is interwoven with mighty rivers like Indus, Ganga, Brahamaputra and their innumerable tributaries. The alluvial is so deep that in some cases even up to a depth of 100 metres no rock strata is found. Moreover the river beds are highly errodable. In order to protect the bridge piers against scouring the foundations have to be taken very deep. In the bridge across river Ganga at Varanasi, the maximum depth of scour estimated was around 60 m.
Artificial Neural Network (ANN) models are attractive in the domain of estimation of local scour around bridge piers. This is due to their adoptive nature where learning by examples replaces or making functions in search of solutions. This architecture renders computational models more attractive in domains of very little or incomplete understanding of the problem to be solved but where broad training data base is accessible. From the literatures it appears that ANNs provide higher level of accuracy in solving a particular problem in comparison with experimental and theoretical results. ANN may therefore be a viable alternative in the prediction of local scour depth around bridge piers, provided reliable data base is available.



Approach velocity

Under clear water condition, the local scour depth increases with velocity (Ettema 1980) till it reaches a maximum value at critical velocity.
When the approach velocity exceeds the threshold value, the problem becomes a live-bed problem and scour is about 10% less than the threshold depth (Laursen 1963).
Meliville (1988) has shown that as the velocity exceeds the threshold value, the local scour depth first decreases and then increases.
Flow depth

At shallow depths the local scour around piers increases with flow depth, but as the depth increases, the scour depth becomes independent of flow depth (Laursen 1966, Breuser et al. 1977, Ettema 1980).
According to Malville (1988), the local scour depth is independent of depth of flow, so long as the two vortex rollers do not interfere with each other.
Since the vortex strength increases with depth of flow may result in more scour depth.

Sediment size
The maximum value of the clear water local scour depth in non-ripple forming sediments is unaffected by sediment size as long as the ratio of the obstruction to the median size of the sediments (D/d50) is greater than or equal to 50 (Ettema 1988).
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However, d50 is limited to single size particle, but as d50/h increases the vortex strength also increases.
Pier shape

Blunter the pier greater is the scour, when it faces the flow.
Very little significance is attached to the shape on the down stream of the pier. Pier size
The relation between pier size and equilibrium scour depth are quite diverging. Keeping all the factors constant, the scour depth varies as D ,     varies from 0.5 to 1.
Angle of attack

As the angle of attack increases so also the scour depth for all shapes expect cylindrical pier.
Constriction ratio

The ratio of width of the flume to the size of the (B/D) influences the equilibrium scour depth. Shen et al. (1969) suggested that, for clear water experiments, the flume width should be at least eight times the diameter or the size of the pier. The same ratio for live-bed scour should be at least ten times the pier size (Chiew 1984).
Sediment grade

Both the sediment grade and the equilibrium scour depth decreases with standard deviation of the particle size distribution (Ettema 1980; & Garde, 1995). This is due to the formation of armour layer at the base of the scour hole.



Equilibrium scour depth is the maximum scour depth that occurs under given conditions. Equilibrium scour depth around circular pier in a steady flow over a bed of uniform spherical and cohesionless sediment depends on: flow and sediment characteristics and pier geometry.

ds = f ( , ,U,y, ,d50, g,g,D,Sh,Al)	(16.1)
where
= fluid density,
= Kinematic viscosity, U = mean flow velocity, Y = depth of flow,
= sediment density,
g = acceleration due gravity,
D = pier width normal to the flow,
Sh and Al = parameters describing the shape and alignment of the pier.
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By dimensional analysis, the above equation transforms to



D   fs
d


UD U2	y
gd50      D,	,	,



s , d50 , g, Sh, Al	(16.2)D



Such a flow phenomenon can be represented as

d   Kf , Ky, Kd , K0, Ks , K	(16.3) wheres
d

Kf = flow parameter,
Ky = flow depth,
kd = sediment size,
K0 = sediment gradation,
Ks and k = pier shape and alignment.
From the above equation it can be inferred that the scour around pier is a complex flow phenomenon and not amenable for a generic solution. It is for this reason that extensive experimental investigations have been conducted to understand the complex process of scour and to predict the depth of scour under different situations. Numerous empirical formulae have been derived to determine the extent of scour that will develop. In the following a summary of these formulae is presented.
Model studies were carried out on piers in connection with the Hardinge Bridge Works over river Ganga in India. They found that scour depth could be expressed as,

2/3     0.78 s	1 
H	q

 D    2.32   D 	(16.4)

where q is the discharge intensity in m3/s/m.1

A major disadvantage of this relation is the combination of undisturbed water depth and scour depth. The formula was later modified by using regime depth relations by researchers. Based on the analysis of scour data on 17 bridges in the Indo-Gangetic plains following formula was proposed.
Dse = 2Hm	(16.5)
Hm, known as Lacey’s regime depth is given as,
1/3Q

Hm	0.47 f	(16.6) where,
Dse = scour depth measured below the water surface = Hs
Hm = Lacey’s mean depth, equal to cross-sectional area divided by surface width
F = Lacey’s silt factor = 1.76 dm
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where
RD = VD/v, and,
V = average velocity
D = diameter of pier
v = kinematic viscosity of water.

The formula is also referred to as Shen I formula in order to distinguish it from Shen II a (clear water scour), and Shen II b (live-bed scour) formulae.


Shen II a:	 h    2F 0.43 s
h
r


D 0.645
h


(16.11)




Shen II b:	 h    3.4F 2/3 s
h
r


D 2/3
h


(16.12)


It may be added that Shen et al’s relations are on the conservative side and the plots show many scatters of data.
Following equations for local scour at piers were proposed: For clear water scour:



D   2.42 Ui	12U
s
h

For live bed scour:

U2     1/3
gD


(16.13)


2     1/3sm	i
h	U

D   2.42 gD	(16.14)

where UI = mean flow velocity at the initiation condition of sediment.
Coleman (1971) analysed the data of Shen et al. (1969) and the results of his own experiments on circular piers under conditions of continuous sediment transport and proposed the relation
2     1/10 sm	     i 
h	U

 D   1.49 gD	(16.15)

The relation with minor changes, approximates to Hsm = 1.4D. Design relation for circular piers was proposed based on the notion that for live-bed scour and depth of flow greater than twice the size of the pier, the maximum local scour depth is a function of pier shape and size only, as

hsm = 1.4D	(16.16) The highly simple relation was obtained from laboratory and field data.
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D   f
in which,

U
Ui


2.0 tanh

h
D


K Ks	(16.17)




f

U
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0


for U
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0.5



= 2Ui	1

for 0.5   U  1.0
iU




= 1.0

The value of Ks was recommended as

for U
Ui


1.0

Ks = 1.0, for circular rounded shape, Ks = 0.75, for streamlined shape, and Ks = 1.30, for rectangular shape. They also proposed the use of the Laursen charts for the angle of attack.
Based on the vortex strength approach, a scour depth relation for the clear water case is given by:

hsm  
D


1F d	2      tanhr



h 3 D


(16.18)




in which	Frd


U
sgd




1, 2, 3	fn     d

sgd
v


s = specific gravity of the submerged particles and fn = functional relation.
Jain (1981) analysed the available scour data and proposed the enveloping equation for

the maximum clear water scour as:

hsm   1.84D



0.3h

D	Fr 0.25	(16.19)i




where, Fr

Ui	Froude number at the sediment initiation motion. gh


Structurally, the relation (4.19) is similar to Laursen and Toch (1956)’s equation with the effect of sediment size included.
On the basis of the vortex strength approach, following scour depth relation, was proposed.
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where
hsm = maximum scour depth below the general bed level of the river b = pier diameter
B = centre to centre spacing of the piers D = flow depth at HFL
U = flow velocity at HFL
Many relationships are available for determination of the design scour depth around circular piers in straight flows under live-bed scour conditions (Garde and Kothyari, 1989).
The process of local scour at bridge piers is also time dependant. Peak flood flow may lost only a number of hours or a few days in reality. According to Melville (1999), the relation between the depths of local scour at a bridge pier (ds) at particular time t, in a flow can be written as:
ds = f( , , U, y, g, d50, Uc, t, te)	(16.25)
where te time for equilibrium depth of local scour to develop. Based on above equation Melville and Chiew (1999) presented the following formulale:


     s d

dse


{–0.03} U lnc
U


t	1.6
tc


(16.26)

From the above equation, the relationship between ds and its dependent parameters can be written as:
ds = f(dse,U,Uc,t,tc)	(16.27)

Further the non-dimensional form is:

     s d

dse



f


U	t,

Uc     te



(16.28)

Ettema (1980) developed a model that was applicable only to the upstream of the scour hole. He found that the width of the erosion area at the bottom of the scour hole varied according to D/d, where D is the pier diameter and d the depth of water and equation for the time of scour was:

ds
D	       K1d	      1 cot2 t	K2K4D3            cot   




Ip	(16.29)

where k1 is a volume constant, k2 and k4 are area constants and	is the sediment submerged angle of repose.
Two different mathematical functions to fit local scour that is time dependent have been suggested:


ds(t) = a 1

1
(1 abt)


c 1

1
(1 cdt)


(16.30)


ds(t) = a 1 e p( bf)	c 1 e p( dt)	(16.31)
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where a, b and c are curve fitting coefficients and t is the time elapsed. The duration of time must be at least that used in the experiments in order to produce accurate results.



Artificial Neural Network (ANN) is used in hydrology and water resources system modelling. An ANN mimics the biological neural network in two ways:
Acquiring of knowledge via learning process, and
Accumulation of knowledge through connections known as synaptic weights.

ANNs are especially useful as pattern-recognition tools for generalization of input and output mapping.
An ANN consists of interconnected neurons receiving one or more inputs and mapping an output. An ANN is trained to learn the relationship between the input and the output. To achieve training, a number of sets of inputs and outputs are fed to the ANN. A training algorithm achieves the training through optimal weights. Back Propagation (BP) and Radial Basis Function (RBF) are the most commonly used network-training algorithms in hydrologic and water resources engineering are briefly discussed here.

Back Propagation (BP)
Back propagation is widely used algorithm for training ANNs. This architecture is made up of interconnected nodes in at least three layers:
The input layer accepts the input map. The output layer produces the result.
The hidden layers sequentially transform the input into the output.

The transfer function used in BP network is sigmoid function. During training BP networks process the pattern in a two-step procedure. In the first or forward phase of learning an input pattern is fed to the network, with initially assigned weights to provide the output. At the output layer the error is estimated from the corresponding output pattern derived in training set. In the second or backward phase, the error from the output is propagated back through the network to adjust the interconnection weights between layers. The process is repeated until the output map is acceptable.

Radial Basis Function Networks (RBFN)
Radial Basis Neural Networks are feed-forward neural networks with only one hidden layer and radial basis function (RBF) as activation functions. The hidden layer performs nonlinear transformation with no adjustable parameters. The RBF networks are trained with modified form of gradient descent training.
The primary difference between the RBF and the BF is in the nature of nonlinearities associated with the hidden node. The nonlinearity in back propagation is implemented by a fixed function such as sigmoid. While RBF base its nonlinearities on the data in the training set (ASCE, 2000a).
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