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13.1 General

Piers are an integral part of the load path between the superstructure and the foundation.
Piers are designed to resist the vertical loads from the superstructure, as well as the
horizontal superstructure loads not resisted by the abutments. The magnitude of the
superstructure loads applied to each pier shall consider the configuration of the fixed and
expansion bearings, the bearing types and the relative stiffness of all of the piers. The
analysis to determine the horizontal loads applied at each pier must consider the entire
system of piers and abutments and not just the individual pier. The piers shall also resist
loads applied directly to them, such as wind loads, ice loads, water pressures and vehicle
impact.

Bridges being designed with staged construction, whether new or rehabilitation, shall satisfy
the requirements of LRFD (or LFD, if applicable) for each construction stage. Utilize the
same load factors, resistance factors, load combinations, etc. as required for the final
configuration, unless approved by Chief Structures Development Engineer at WisDOT.

WisDOT policy item:

At this time, evaluation and plan preparations for accommodating a noted allowance for a
precast pier option as indicated in 7.1.4.1.2 is only required for 1-39/90 Project bridges. All other
locations statewide may consider providing a noted allowance for a precast option. Contact the
Bureau of Structures Development Section for further guidance.

13.1.1 Pier Type and Configuration

Many factors are considered when selecting a pier type and configuration. The engineer
should consider the superstructure type, the characteristics of the feature crossed, span
lengths, bridge width, bearing type and width, skew, required vertical and horizontal
clearance, required pier height, aesthetics and economy. For bridges over waterways, the
pier location relative to the floodplain and scour sensitive regions shall also be considered.

The connection between the pier and superstructure is usually a fixed or expansion bearing
which allows rotation in the longitudinal direction of the superstructure. This has the effect of
eliminating longitudinal moment transfer between the superstructure and the pier. In rare
cases when the pier is integral with the superstructure, this longitudinal rotation is restrained
and moment transfer between the superstructure and the pier occurs. Pier types illustrated in
the Standard Details shall be considered to be a pinned connection to the superstructure.

On grades greater than 2 percent, the superstructure tends to move downhill towards the
abutment. The low end abutment should be designed as fixed and the expansion joint or
joints placed on the uphill side or high end abutment. Consideration should also be given to
fixing more piers than a typical bridge on a flat grade.
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13.1.2 Bottom of Footing Elevation

The bottom of footing elevation for piers outside of the floodplain is to be a minimum of 4’
below finished ground line unless the footings are founded on solid rock. This requirement is
intended to place the bottom of the footing below the frost line.

A minimum thickness of 2’-0” shall be used for spread footings and 2’-6” for pile-supported
footings. Spread footings are permitted in streams only if they are founded on rock. Pile cap
footings are allowed above the ultimate scour depth elevation if the piling is designed
assuming the full scour depth condition.

The bottom of footing elevation for pile cap footings in the floodplain is to be a minimum of 6’
below stable streambed elevation. Stable streambed elevation is the normal low streambed
elevation at a given pier location when not under scour conditions. When a pile cap footing in
the floodplain is placed on a concrete seal, the bottom of footing is to be a minimum of 4’
below stable streambed elevation. The bottom of concrete seal elevation is to be a minimum
of 8’ below stable streambed elevation. These requirements are intended to guard against
the effects of scour.

13.1.3 Pier Construction

Except for pile encased piers (see Standard for Pile Encased Pier) and seal concrete for
footings, all footing and pier concrete shall be placed in the dry. Successful underwater
concreting requires special concrete mixes, additives and placement procedures, and the
risk of error is high. A major concern in underwater concreting is that the water in which the
concrete is placed will wash away cement and sand, or mix with the concrete, and increase
the water-to-cement ratio. It was previously believed that if the lower end of the tremie is kept
immersed in concrete during a placement, then the new concrete flows under and is
protected by previously placed concrete. However, tests performed at the University of
California at Berkeley show that concrete exiting a tremie pipe may exhibit many different
flow patterns exposing more concrete to water than expected. A layer of soft, weak and
water-laden mortar called laitance may also form within the pour. Slump tests do not
measure shear resistance, which is the best predictor of how concrete will flow after exiting a
tremie pipe.

Footing excavation adjacent to railroad tracks which falls within the critical zone shown on
Standard for Highway Over Railroad Design Requirements requires an approved shoring
system. Excavation, shoring and cofferdam costs shall be considered when evaluating
estimated costs for pier construction, where applicable. Erosion protection is required for all
excavations.
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13.2 Pier Types

The pier types most frequently used in Wisconsin are:

e Multi-column piers (Standards for Multi-Columned Pier and for Multi-Columned Pier —
Type 2)

¢ Pile bents (Standard for Pile Bent)
o Pile encased piers (Standard for Pile Encased Pier)

e Solid single shaft / hammerheads (Standards for Hammerhead Pier and for
Hammerhead Pier — Type 2)

Design loads shall be calculated and applied to the pier in accordance with 13.4 and 13.5.
The following sections discuss requirements specific to each of the four common pier types.

13.2.1 Multi-Column Piers

Multi-column piers, as shown in Standard for Multi-Columned Pier, are the most commonly
used pier type for grade separation structures. Refer to 13.6 for analysis guidelines.

A minimum of three columns shall be provided to ensure redundancy should a vehicular
collision occur. If the pier cap cantilevers over the outside columns, a square end treatment
is preferred over a rounded end treatment for constructability. WisDOT has traditionally used
round columns. Column spacing for this pier type is limited to a maximum of 25'.

Multi-column piers are also used for stream crossings. They are especially suitable where a
long pier is required to provide support for a wide bridge or for a bridge with a severe skew
angle.

Continuous or isolated footings may be specified for multi-column piers. The engineer should
determine estimated costs for both footing configurations and choose the more economical
configuration. Where the clear distance between isolated footings would be less than 4°-6”, a
continuous footing shall be specified.

A variation of the multi-column pier in Standard for Multi-Columned Pier is produced by
omitting the cap and placing a column under each girder. This detail has been used for steel
girders with girder spacing greater than 12’. This configuration is treated as a series of single
column piers. The engineer shall consider any additional forces that may be induced in the
superstructure cross frames at the pier if the pier cap is eliminated. The pier cap may not be
eliminated for piers in the floodplain, or for continuous slab structures which need the cap to
facilitate replacement of the slab during future rehabilitation.

See Standard for Highway Over Railroad Design Requirements for further details on piers
supporting bridges over railways.
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13.2.2 Pile Bents

Pile bents are most commonly used for small to intermediate stream crossings and are
shown on the Standard for Pile Bent.

Pile bents shall not be used to support structures over roadways or railroads due to their
susceptibility to severe damage should a vehicular collision occur.

For pile bents, pile sections shall be limited to 12%." or 14” diameter cast-in-place reinforced
concrete piles with steel shells spaced at a minimum center-to-center spacing of 3. A
minimum of five piles per pier shall be used on pile bents. When a satisfactory design cannot
be developed with one of these pile sections at the minimum spacing, another pier type
should be selected. The outside piles shall be battered 2" per foot, and the inside piles shall
be driven vertically. WisDOT does not rely on the shell of CIP piles for capacity; therefore
these piles are less of a concern for long term reduced capacity due to corrosion than steel
H-piles. For that reason the BOS Development Chief must give approval for the use of steel
H-piles in open pile bents.

Because of the minimum pile spacing, the superstructure type used with pile bents is
generally limited to cast-in-place concrete slabs, prestressed girders and steel girders with
spans under approx. 70" and precast, prestressed box girders less than 21" in height.
To ensure that pile bents are capable of resisting the lateral forces resulting from floating ice
and debris or expanding ice, the maximum distance from the top of the pier cap to the stable
streambed elevation, including scour, is limited to:

o 15’ for 12%4” diameter piles (or 12" H-piles if exception is granted).

e 20 for 14" diameter piles (or 14" H-piles if exception is granted).

Use of the pile values in Table 11.3-5 or Standard for Pile Details is valid for open pile bents
due to the exposed portion of the pile being inspectable.

The minimum longitudinal reinforcing steel in cast-in-place piles with steel shells is 6-#7 bars
in 12" piles and 8-#7 bars in 14" piles. The piles are designed as columns fixed from rotation
in the plane of the pier at the top and at some point below streambed.

All bearings supporting a superstructure utilizing pile bents shall be fixed bearings or semi-
expansion.

Pile bents shall meet the following criteria:

o If the water velocity, Qio0, is greater than 7 ft/sec, the quantity of the 100-year flood
shall be less than 12,000 ft®/sec.

o If the streambed consists of unstable material, the velocity of the 100-year flood shall
not exceed 9 ft/sec.
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Pile bents may only be specified where the structure is located within Area 3, as shown in the
Facilities Development Manual 13-1-15, Attachment 15.1 and where the piles are not
exposed to water with characteristics that are likely to cause accelerated corrosion.

The minimum cap size shall be 3’ wide by 3’-6” deep and the piles shall be embedded into
the cap a minimum of 2’-0.

13.2.3 Pile Encased Piers

Pile encased piers are similar to pile bents except that a concrete encasement wall
surrounds the piles. They are most commonly used for small to intermediate stream
crossings where a pile bent pier is not feasible. Pile encased piers are detailed on Standard
for Pile Encased Pier.

An advantage of this pier type is that the concrete encasement wall provides greater
resistance to lateral forces than a pile bent. Also the hydraulic characteristics of this pier type
are superior to pile bents, resulting in a smoother flow and reducing the susceptibility of the
pier to scour at high water velocities. Another advantage is that floating debris and ice are
less likely to accumulate against a pile encased pier than between the piles of a pile bent.
Debris and ice accumulation are detrimental because of the increased stream force they
induce. In addition, debris and ice accumulation cause turbulence at the pile, which can have
the effect of increasing the local scour potential.

Pile sections shall be limited to 10", 12" or 14" steel HP piles, or 103", 123" or 14" diameter
cast-in-place concrete piles with steel shells. Minimum center-to-center spacing is 3'. Where
difficult driving conditions are expected, oil field pipe may be specified in the design. A
minimum of five piles per pier shall be used. When a satisfactory design cannot be
developed with one of these pile sections at the minimum spacing, another pier type should
be selected. The inside and outside piles shall be driven vertically.

In most cases, a cofferdam should be used for pile encased piers. See 13.11.5 for additional
guidance regarding cofferdams. Total pier height shall be less than 25 feet.

All bearings supporting a superstructure utilizing pile encased piers shall be fixed bearings or
semi-expansion.

The connection between the superstructure and the pier shall be designed to transmit the
portion of the superstructure design loads assumed to be taken by the pier.

The concrete wall shall be a minimum of 2’-6” thick. The top 3’ of the wall is made wider if a
larger bearing area is required. See Standard for Pile Encased Pier for details. The bottom of
the wall shall be placed 2’ to 4’ below stable streambed elevation, depending upon stream
velocities and frost depth.
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13.2.4 Solid Single Shaft / Hammerheads

Solid single shaft piers are used for all types of crossings and are detailed on Standards for
Hammerhead Pier and for Hammerhead Pier — Type 2. The choice between using a multi-
column pier and a solid single shaft pier is based on economics and aesthetics. For high
level bridges, a solid single shaft pier is generally the most economical and attractive pier
type available.

The massiveness of this pier type provides a large lateral load capacity to resist the
somewhat unpredictable forces from floating ice, debris and expanding ice. They are suitable
for use on major rivers adjacent to shipping channels without additional pier protection. When
used adjacent to railroad tracks, crash walls are not required.

If a cofferdam is required and the upper portion of a single shaft pier extends over the
cofferdam, an optional construction joint is provided 2’ above the normal water elevation.
Since the cofferdam sheet piling is removed by extracting vertically, any overhead
obstruction prevents removal and this optional construction joint allows the contractor to
remove sheet piling before proceeding with construction of the overhanging portions of the
pier.

A hammerhead pier shall not be used when the junction between the cap and the shaft
would be less than the cap depth above normal water. Hammerhead piers are not
considered aesthetically pleasing when the shaft exposure above water is not significant. A
feasible alternative in this situation would be a wall type solid single shaft pier or a multi-
column pier. On a wall type pier, both the sides and ends may be sloped if desired, and
either a round, square or angled end treatment is acceptable. If placed in a waterway, a
square end type is less desirable than a round or angled end.

13.2.5 Aesthetics

Refer to Error! Reference source not found. for suggested alternative pier shapes. These
shapes are currently being studied so no standard details are shown. It is desirable to
standardize alternate shapes for efficiency and economy of construction. Use of these
alternate pier shapes for aesthetics should be approved by the Chief Structures
Development Engineer so that standard details can be developed.

Refer to Chapter 4 for additional information about aesthetics.
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13.3 Location

Piers shall be located to provide a minimum interference to flood flow. In general, place the
piers parallel with the direction of flood flow. Make adequate provision for drift and ice by
increasing span lengths and vertical clearances, and by selecting proper pier types. Special
precautions against scour are required in unstable streambeds. Navigational clearance shall
be considered when placing piers for bridges over navigable waterways. Coordination with
the engineer performing the hydraulic analysis is required to ensure the design freeboard is
met, the potential for scour is considered, the hydraulic opening is maintained and the flood
elevations are not adversely affected upstream or downstream. Refer to Chapter 8 for further
details.

In the case of railroad and highway separation structures, the spacing and location of piers
and abutments is usually controlled by the minimum horizontal and vertical clearances
required for the roadway or the railroad. Other factors such as utilities or environmental
concerns may influence the location of the piers. Sight distance can impact the horizontal
clearance required for bridges crossing roadways on horizontally curved alignments.
Requirements for vertical and horizontal clearances are specified in Chapter 3 — Design
Criteria. Crash wall requirements are provided on Standard for Highway Over Railroad
Design Requirements.

Cost may also influence the number of piers, and therefore the number of spans, used in
final design. During the planning stages, an analysis should be performed to determine the
most economical configuration of span lengths versus number of piers that meet all of the
bridge site criteria.
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13.4 Loads on Piers

The following loads shall be considered in the design of piers. Also see 13.5 for additional
guidance regarding load application.

13.4.1 Dead Loads

The dead load forces, DC and DW, acting on the piers shall include reactions from the
superstructure. DC dead loads include structural components and nonstructural attachments,
and DW dead loads include wearing surfaces and utilities. The pier diaphragm weight may
be applied through the girders. Different load factors are applied to each of these dead load

types.

For a detailed discussion of the application of dead load, refer to 17.2.4.1.

13.4.2 Live Loads

The HL-93 live load shall be used for all new bridge designs and is placed in 12’-wide design
lanes. If fewer lane loads are used than what the roadway width can accommodate, the
loads shall be kept within their design lanes. The design lanes shall be positioned between
the curbs, ignoring shoulders and medians, to maximize the effect being considered. Refer to
17.2.4.2 for a detailed description of the HL-93 live load. For pier design, particular attention
should be given to the double truck load described in 17.2.4.2.4. This condition places two
trucks, spaced a minimum of 50’ apart, within one design lane and will often govern the
maximum vertical reaction at the pier.

WisDOT policy items:

A 10 foot design lane width may be used for the distribution of live loads to a pier cap.

The dynamic load allowance shall be applied to the live load for all pier elements located above
the ground line per LRFD [3.6.2].

For girder type superstructures, the loads are transmitted to the pier through the girders. For
pier design, simple beam distribution is used to distribute the live loads to the girders. The
wheel and lane loads are therefore transversely distributed to the girders by the lever rule as
opposed to the Distribution Factor Method specified in LRFD [4.6.2.2.2]. The lever rule
linearly distributes a portion of the wheel load to a particular girder based upon the girder
spacing and the distance from the girder to the wheel load. The skew of the structure is not
considered when calculating these girder reactions. Refer to 17.2.10 for additional
information about live load distribution to the substructure and to Figure 17.2-17 for
application of the lever rule.

For slab type superstructures, the loads are assumed to be transmitted directly to the pier
without any transverse distribution. This assumption is used even if the pier cap is not
integral with the superstructure. The HL-93 live load is applied as concentrated wheel loads
combined with a uniform lane load. The skew of the structure is considered when applying
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these loads to the cap. The lane width is then divided by the cosine of the skew angle, and
the load is distributed over the new lane width along the pier centerline.

As a reminder, the live load force to the pier for a continuous bridge is based on the reaction,
not the sum of the adjacent span shear values. A pier beneath non-continuous spans (at an
expansion joint) uses the sum of the reactions from the adjacent spans.

13.4.3 Vehicular Braking Force
Vehicular braking force, BR, is specified in LRFD [3.6.4] and is taken as the greater of:
o 25% of the axle loads of the design truck
o 25% of the axle loads of the design tandem
o 5% of the design truck plus lane load
o 5% of the design tandem plus lane load

The loads applied are based on loading one-half the adjacent spans. Do not use a
percentage of the live load reaction. All piers receive this load. It is assumed that the
braking force will be less than the dead load times the bearing friction value and all force will
be transmitted to the given pier. The tandem load, even though weighing less than the
design truck, must be considered for shorter spans since not all of the axles of the design
truck may be able to fit on the tributary bridge length.

This force represents the forces induced by vehicles braking and may act in all design lanes.
The braking force shall assume that traffic is traveling in the same direction for all design
lanes as the existing lanes may become unidirectional in the future. This force acts 6’ above
the bridge deck, but the longitudinal component shall be applied at the bearings. It is not
possible to transfer the bending moment of the longitudinal component acting above the
bearings on typical bridge structures. The multiple presence factors given by LRFD
[3.6.1.1.2] shall be considered. Per LRFD [3.6.2.1], the dynamic load allowance shall not be
considered when calculating the vehicular braking force.

13.4.4 Wind Loads

WisDOT exception to AASHTO:

The design wind velocity, Vpz, from LRFD [3.8.1.1] shall be set to 100 mph for all bridge
elevations.

In 13.4.4.1 and 13.4.4.2, the base wind pressure, Pg, will not be modified based on the
elevation of the bridge and shall be taken as:
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Where:
Po = Design wind pressure at all elevations (ksf)

Wind loads are divided into the following four types.

13.4.4.1 Wind Load on Superstructure

To determine WS, the base wind pressures, Pg, presented in Table 13.4-1 shall be applied to
the superstructure elements as specified in LRFD [3.8.1.2.2].

Wind Skew Trusses, Columns and Girders
Angle (deg.) Arches
Lateral Longitudinal Lateral Longitudinal
Load (ksf) Load (ksf) Load (ksf) Load (ksf)
0 0.075 0.000 0.050 0.000
15 0.070 0.012 0.044 0.006
30 0.065 0.028 0.041 0.012
45 0.047 0.041 0.033 0.016
60 0.024 0.050 0.017 0.019
Table 13.4-1

Superstructure Base Wind Pressures

The wind skew angle shall be taken as measured from a perpendicular to the longitudinal
axis. The wind direction used shall be that which produces the maximum force effects on the
member. Transverse and longitudinal pressures shall be applied simultaneously. The
longitudinal component shall be applied at the bearing elevation, and the transverse
component shall be applied at its actual elevation.

WisDOT policy item:

The following conservative values for wind on superstructure, WS, may be used for all girder
bridges:

¢ 0.05 ksf, transverse
¢ 0.012 ksf, longitudinal
Both forces shall be applied simultaneously. Do not apply to open rails or fences. Do apply this

force to all parapets, including parapets located between the roadway and sidewalk if there is an
open rail or fence on the edge of the sidewalk.
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13.4.4.2 Wind Load Applied Directly to Substructure

To determine WS for wind applied directly to substructures, the base wind pressure, Pg, to be
applied to the substructure units is 0.040 ksf as specified in LRFD [3.8.1.2.3]. This load can be
resolved into components based on skew, or the following policy item can be followed:

WisDOT policy item:

The following values for wind applied directly to substructures, WS, may be used for all bridges:
¢ 0.040 ksf, transverse (along axis of substructure unit)
¢ 0.040 ksf, longitudinal (normal to axis of substructure unit)

Both forces shall be applied simultaneously.

13.4.4.3 Wind Load on Vehicles

As specified in LRFD [3.8.1.3] the wind force on vehicles, WL, is applied 6 ft. above the
roadway. The longitudinal component shall be applied at the bearing elevation, and the
transverse component shall be applied at its actual elevation.

WisDOT policy item:

The following values for wind on live load, WL, may be used for all bridges:
¢ 0.100 KIf, transverse
¢ 0.040 kif, longitudinal

Both forces shall be applied simultaneously.

13.4.4.4 Vertical Wind Load

As specified in LRFD [3.8.2] an overturning vertical wind force, WS, shall be applied to limit
states that do not involve wind on live load. A vertical upward wind force of 0.020 ksf times
the out-to-out width of the bridge deck shall be considered a longitudinal line load. This lineal
force shall be applied at the windward ¥4 point of the deck, which causes the largest upward
force at the windward fascia girder.

13.4.5 Uniform Temperature Forces

Temperature changes in the superstructure cause it to expand and contract along its
longitudinal axis. These length changes induce forces in the substructure units based upon
the fixity of the bearings, as well as the location and number of substructure units. The skew
angle of the pier shall be considered when determining the temperature force components.
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In determining the temperature forces, TU, applied to each substructure unit, the entire
bridge superstructure length between expansion joints is considered. In all cases, there is a
neutral point on the superstructure which does not move due to temperature changes. All
temperature movements will then emanate outwards or inwards from this neutral point. This
point is determined by assuming a neutral point. The sum of the expansion forces and fixed
pier forces on one side of the assumed neutral point is then equated to the sum of the
expansion forces and fixed pier forces on the other side of the assumed neutral point.
Maximum friction coefficients are assumed for expansion bearings on one side of the
assumed neutral point and minimum coefficients are assumed on the other side to produce
the greatest unbalanced force for the fixed pier(s) on one side of the assumed neutral point.
The maximum and minimum coefficients are then reversed to produce the greatest
unbalanced force for the pier(s) on the other side of the assumed neutral point. For semi-
expansion abutments, the assumed minimum friction coefficient is 0.06 and the maximum is
0.10. For laminated elastomeric bearings, the force transmitted to the pier is the shear force
generated in the bearing due to temperature movement. Example E27-1.8 illustrates the
calculation of this force. Other expansion bearing values can be found in Chapter 27 —
Bearings. When writing the equation to balance forces, one can set the distance from the
fixed pier immediately to one side of the assumed neutral point as ‘X’ and the fixed pier
immediately to the other side as (Span Length — ‘X’). This is illustrated in Figure 13.4-1.

Span 1 Span 2 Span 3 ‘

M E F* F M E
Neutral Point

Case 1. DL X pmax Case 1: DL X pmin
Case 2: DL X pmin Case 2: DL X pmax

'Y
A

\ 4

rmm

3ElaTX _ 3ElaT(Span2-X)
144n® 144n°

(Lt. Abutment) (Pier 1) (Pier 2) (Rt. Abutment)

Casel: DL Xy + 2 + 2 DL X pyi,

Figure 13.4-1
Neutral Point Location with Multiple Fixed Piers

As used in Figure 13.4-1:

E = Column or shaft modulus of elasticity (ksi)
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I = Column or shaft gross moment of inertia about longitudinal axis of the

pier (in%)
a = Superstructure coefficient of thermal expansion (ft/ft/°F)
T = Temperature change of superstructure (°F)
¥ = Coefficient of friction of the expansion bearing (dimensionless)
h = Column height (ft)
DL = Total girder dead load reaction at the bearing (kips)

X

Distance between the fixed pier and the neutral point (ft)

The temperature force on a single fixed pier in a bridge is the resultant of the unbalanced
forces acting on the substructure units. Maximum friction coefficients are assumed for
expansion bearings on one side of the pier and minimum coefficients are assumed on the
other side to produce the greatest unbalanced force on the fixed pier.

The temperature changes in superstructure length are assumed to be along the longitudinal
axis of the superstructure regardless of the substructure skew angle. This assumption is
more valid for steel structures than for concrete structures.

The force on a column with a fixed bearing due to a temperature change in length of the
superstructure is:

_ 3ElaTL
144h°
Where:
L = Superstructure expansion length between neutral point and location being
considered (ft)
F = Force per column applied at the bearing elevation (kips)

This force shall be resolved into components along both the longitudinal and transverse axes
of the pier.

The values for computing temperature forces in Table 13.4-2 shall be used on Wisconsin
bridges. Do not confuse this temperature change with the temperature range used for
expansion joint design.

Reinforced Concrete Steel
Temperature Change 45 °F 90 °F
Coefficient of Thermal Expansion 0.0000060/°F 0.0000065/°F
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Table 13.4-2
Temperature Expansion Values
Temperature forces on bridges with two or more fixed piers are based on the movement of
the superstructure along its centerline. These forces are assumed to act normal and parallel
to the longitudinal axis of the pier as resolved through the skew angle. The lateral restraint

offered by the superstructure is usually ignored. Except in unusual cases, the larger stiffness
generated by considering the transverse stiffness of skewed piers is ignored.

13.4.6 Force of Stream Current

The force of flowing water, WA, acting on piers is specified in LRFD [3.7.3]. This force acts in
both the longitudinal and transverse directions.

13.4.6.1 Longitudinal Force

The longitudinal force is computed as follows:

D= CDV2
1,000
Where:
= Pressure of flowing water (ksf)
\Y = Water design velocity for the design flood in strength and service limit
states and for the check flood in the extreme event limit state (ft/sec)
Co = Drag coefficient for piers (dimensionless), equal to 0.7 for semicircular-

nosed piers, 1.4 for square-ended piers, 1.4 for debris lodged against
the pier and 0.8 for wedged-nosed piers with nose angle of 90° or less

The longitudinal drag force shall be computed as the product of the longitudinal stream
pressure and the projected exposed pier area.

13.4.6.2 Lateral Force

The lateral force is computed as follows:

CDV2
p =
1,000
Where:
p = Lateral pressure of flowing water (ksf)
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Co = Lateral drag coefficient (dimensionless), as presented in Table 13.4-3
Angle Between the Flow Direction Co
and the Pier’s Longitudinal Axis

0° 0.0

5° 0.5

10° 0.7

20° 0.9

> 30° 1.0

Table 13.4-3

Lateral Drag Coefficient Values

The lateral drag force shall be computed as the product of lateral stream pressure and the
projected exposed pier area. Use the water depth and velocity at flood stage with the force
acting at one-half the water depth.

Normally the force of flowing water on piers does not govern the pier design.

13.4.7 Buoyancy

Buoyancy, a component of water load WA, is specified in LRFD [3.7.2] and is taken as the
sum of the vertical components of buoyancy acting on all submerged components. The
footings of piers in the floodplain are to be designed for uplift due to buoyancy.

Full hydrostatic pressure based on the water depth measured from the bottom of the footing
is assumed to act on the bottom of the footing. The upward buoyant force equals the volume
of concrete below the water surface times the unit weight of water. The effect of buoyancy on
column design is usually ignored. Use high water elevation when analyzing the pier for over-
turning. Use low water elevation to determine the maximum vertical load on the footing.

The submerged weight of the soil above the footing is used for calculating the vertical load
on the footing. Typical values are presented in Table 13.4-4.

Submerged Unit Weight, y (pcf)
Sand Sand & Gravel | Silty Clay Clay Silt
Minimum (Loose) 50 60 40 30 25
Maximum (Dense) 85 95 85 70 70
Table 13.4-4

Submerged Unit Weights of Various Soils
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13.4.8 Ice

Forces from floating ice and expanding ice, IC, do not act on a pier at the same time.
Consider each force separately when applying these design loads.

For all ice loads, investigate each site for existing conditions. If no data is available, use the
following data as the minimum design criteria:

o Ice pressure = 32 ksf

e Minimum ice thickness = 12"

o Height on pier where force acts is at the 2-year high water elevation. If this value is
not available, use the elevation located midway between the high and measured
water elevations.

o Pier width is the projection of the pier perpendicular to stream flow.

Slender and flexible piers shall not be used in regions where ice forces are significant, unless
approval is obtained from the WisDOT Bureau of Structures.

13.4.8.1 Force of Floating Ice and Drift
Ice forces on piers are caused by moving sheets or flows of ice striking the pier.

There is not an exact method for determining the floating ice force on a pier. The ice crushing
strength primarily depends on the temperature and grain size of the ice. LRFD [3.9.2.1] sets
the effective ice crushing strength at between 8 and 32 ksf.

The horizontal force caused by moving ice shall be taken as specified in LRFD [3.9.2.2], as
follows:

F=F =C_ptw
C,= (i + 1) N
w
Where:
p = Effective ice crushing strength (ksf)
t = Ice thickness (ft)
w = Pier width at level of ice action (ft)
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WisDOT policy item:

Since the angle of inclination of the pier nose with respect to the vertical is always less than or
equal to 15° on standard piers in Wisconsin, the flexural ice failure mode does not need to be
considered for these standard piers (f, =0).

WisDOT policy item:

If the pier is approximately aligned with the direction of the ice flow, only the first design case as
specified in LRFD [3.9.2.4] shall be investigated due to the unknowns associated with the
friction angle defined in the second design case.

A longitudinal force equal to F shall be combined with a transverse force of 0.15F

Both the longitudinal and transverse forces act simultaneously at the pier nose.

If the pier is located such that its longitudinal axis is skewed to the direction of the ice flow, the
ice force on the pier shall be applied to the projected pier width and resolved into components.
In this condition, the transverse force to the longitudinal axis of the pier shall be a minimum of
20% of the total force.

WisDOT exception to AASHTO:

Based upon the pier geometry in the Standards, the ice loadings of LRFD [3.9.4] and LRFD
[3.9.5] shall be ignored.

13.4.8.2 Force Exerted by Expanding Ice Sheet

Expansion of an ice sheet, resulting from a temperature rise after a cold wave, can develop
considerable force against abutting structures. This force can result if the sheet is restrained
between two adjacent bridge piers or between a bluff type shore and bridge pier. The force
direction is therefore transverse to the direction of stream flow.

Force from ice sheets depends upon ice thickness, maximum rate of air-temperature rise,
extent of restraint of ice and extent of exposure to solar radiation. In the absence of more
precise information, estimate an ice thickness and use a force of 8.0 ksf.

It is not necessary to design all bridge piers for expanding ice. If one side of a pier is exposed
to sunlight and the other side is in the shade along with the shore in the pier vicinity, consider
the development of pressure from expanding ice. If the central part of the ice is exposed to
the sun's radiation, consider the effect of solar energy, which causes the ice to expand.
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13.4.9 Centrifugal Force

Centrifugal force, CE, is specified in LRFD [3.6.3] and is included in the pier design for
structures on horizontal curves. The lane load portion of the HL-93 loading is neglected in the
computation of the centrifugal force.

The centrifugal force is taken as the product of the axle weights of the design truck or
tandem and the factor, C, given by the following equation:

c_ 4V
30R
Where:
\Y = Highway design speed (ft/sec)
g = Gravitational acceleration = 32.2 (ft/sec?)
R = Radius of curvature of travel lane (ft)

The multiple presence factors specified in LRFD [3.6.1.1.2] shall apply to centrifugal force.

Centrifugal force is assumed to act radially and horizontally 6’ above the roadway surface.
The point 6’ above the roadway surface is measured from the centerline of roadway. The
design speed may be determined from the Wisconsin Facilities Development Manual,
Chapter 11. It is not necessary to consider the effect of superelevation when centrifugal force
is used, because the centrifugal force application point considers superelevation.

13.4.10 Extreme Event Collision Loads

WisDOT policy item:

With regards to LRFD [3.6.5] and vehicular collision force, CT, protecting the pier and designing
the pier for the 600 kip static force are each equally acceptable. The bridge design engineer
should work with the roadway engineer to determine which alternative is preferred.
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WisDOT policy item:

Designs for bridge piers adjacent to roadways with a design speed < 40 mph need not consider
the provisions of LRFD [3.6.5].

If the design speed of a roadway adjacent to a pier is > 40 mph and the pier is not protected by
a TL-5 barrier, embankment or adequate offset, the pier columns/shaft, only, shall be
strengthened to comply with LRFD [3.6.5]. For a multi-column pier the minimum size column
shall be 3x4 ft rectangular or 4 ft diameter (consider clearance issues and/or the wide cap
required when using 4 ft diameter columns). Solid shaft and hammerhead pier shafts are
considered adequately sized.

All multi-columned piers require a minimum of three columns. If a pier cap consists of two or
more segments each segment may be supported by two columns. If a pier is constructed in
stages, two columns may be used for the temporary condition.

The vertical reinforcement for the columns/shaft shall be the greater of what is required by
design (not including the Extreme Event Il loading) or a minimum of 1.0% of the gross concrete
section (total cross section without deduction for rustications less than or equal to 1-1/2” deep)
to address the collision force for the 3x4 ft rectangular and 4 ft diameter columns.

For the 3x4 ft rectangular columns, use double #5 stirrups spaced at 6” vertically as a minimum.
For the 4 ft diameter columns, use #4 spiral reinforcement (smooth bars) spaced vertically at 6”
as a minimum. Hammerhead pier shafts shall have, as a minimum, the horizontal reinforcement
as shown on the Standards.

See Standard for Multi-Columned Pier with Rectangular Columns for an acceptable design to
meet LRFD [3.6.5].

WisDOT exception to AASHTO:

The vessel collision load, CV, in LRFD [3.14] will not be applied to every navigable waterway of
depths greater than 2'. For piers located in navigable waterways, the engineer shall contact the
WisDOT project manager to determine if a vessel collision load is applicable.
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13.5 Load Application

When determining pier design forces, a thorough understanding of the load paths for each
load is critical to arriving at loads that are reasonable per AASHTO LRFD. The assumptions
associated with different pier, bearing and superstructure configurations are also important to
understand. This section provides general guidelines for the application of forces to typical
highway bridge piers.

13.5.1 Loading Combinations

Piers are designed for the Strength I, Strength lll, Strength V and Extreme Event Il load
combinations as specified in LRFD [3.4.1]. Reinforced concrete pier components are also
checked for the Service | load combination. Load factors for these load combinations are
presented in Table 13.5-1. See 13.10 for loads applicable to pile bents and pile encased
piers.

Load Load Factor

Combination DC DW LL+iM | WA WS |[WL]FR|[TU] IC
Max. | Min. | Max. | Min. BR CR CT

Limit State CE SH cVv
Strength | 1.25 | 090 | 1.50 | 0.65 1.75 1.00 | 0.00 | 0.00 | 1.00 | 0.50 | 0.00
Strength 11l | 1.25 | 0.90 | 1.50 | 0.65 0.00 1.00 | 1.40 | 0.00 | 1.00 | 0.50 | 0.00
StrengthV | 1.25 | 0.90 | 1.50 | 0.65 1.35 1.00 { 040 | 1.00 | 1.00 | 0.50 | 0.00
Service | 1.00 | 1.00 | 1.00 | 1.00 1.00 1.00 | 0.30 | 1.00 | 1.00 | 1.00 | 0.00
Extreme 1.25 |1 0.90 | 1.50 | 0.65 0.50 1.00 | 0.00 | 0.00 | 1.00 | 0.00 | 1.00

Event Il
Table 13.5-1

Load Factors

13.5.2 Expansion Piers
See 13.4 for additional guidance regarding the application of specific loads.

Transverse forces applied to expansion piers from the superstructure include loads from one-
half of the adjacent span lengths, and are applied at the location of the transverse load.

For expansion bearings other than elastomeric, longitudinal forces are transmitted to
expansion piers through friction in the bearings. These forces, other than temperature, are
based on loading one-half of the adjacent span lengths, with the maximum being no greater
than the maximum friction force (dead load times the maximum friction coefficient of a sliding
bearing). See 27.2.2 to determine the bearing friction coefficient. The longitudinal forces
are applied at the bearing elevation.
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Expansion piers with elastomeric bearings are designed based on the force that the bearings
resist, with longitudinal force being applied at the bearing elevation. This force is applied as
some combination of temperature force, braking force, and/or wind load depending on what
load case generates the largest deflection at the bearing. The magnitude of the force shall be
computed as follows:

F_ GAAN
t
Where:
F = Elastomeric bearing force used for pier design (kips)
G = Shear modulus of the elastomer (ksi)
A = Bearing pad area (in?)
A = Deflection at bearing from thermal or braking force (in)
n = Number of bearings per girder line; typically one for continuous steel
girders and two for prestressed concrete beams (dimensionless)
t = Total elastomer thickness (without steel laminates) (in)

Example E27-1.8 illustrates the calculation of this force.

See 13.4.5 for a discussion and example of temperature force application for all piers.

13.5.3 Fixed Piers

Transverse forces applied to expansion piers from the superstructure include loads from one-
half of the adjacent span lengths, and are applied at the location of the transverse load. For
fixed bearings, longitudinal forces, other than temperature, are based on loading one-half of
the adjacent span lengths. The longitudinal forces are applied at the bearing elevation.

See 13.4.5 for a discussion and example of temperature force application for all piers.
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13.6 Multi-Column Pier and Cap Design

WisDOT policy item:

Multi-column pier caps shall be designed using conventional beam theory.

The first step in the analysis of a pier frame is to determine the trial geometry of the frame
components. The individual components of the frame must meet the minimum dimensions
specified in 13.2.1 and as shown on the Standards. Each of the components should be sized
for function, economy and aesthetics. Once a trial configuration is determined, analyze the
frame and adjust the cap, columns and footings if necessary to accommodate the design
loads.

When the length between the outer columns of a pier cap exceeds 65’, temperature and
shrinkage should be considered in the design of the columns. These effects induce moments
in the columns due to the expansion and contraction of the cap combined with the rigid
connection between the cap and columns. A 0.5 factor is specified in the strength limit state
for the temperature and shrinkage forces to account for the long-term column cracking that
occurs. A full section modulus is then used for this multi-column pier analysis. Use an
increase in temperature of +35 degrees F and a decrease of -45 degrees F. Shrinkage
(0.0003 ft/ft) will offset the increased temperature force. For shrinkage, the keyed vertical
construction joint as required on the Standard for Multi-Columned Pier, is to be considered
effective in reducing the cap length. For all temperature forces, the entire length from
exterior column to exterior column shall be used.

The maximum column spacing on pier frames is 25’. Column height is determined by the
bearing elevations, the bottom of footing elevation and the required footing depth. The pier
cap/column and column/footing interfaces are assumed to be rigid.

The pier is analyzed as a frame bent by any of the available analysis procedures considering
sidesway of the frame due to the applied loading. The gross concrete areas of the
components are used to compute their moments of inertia for analysis purposes. The effect
of the reinforcing steel on the moment of inertia is neglected.

Vertical loads are applied to the pier through the superstructure. The vertical loads are varied
to produce the maximum moments and shears at various positions throughout the structure
in combination with the horizontal forces. The effect of length changes in the cap due to
temperature is also considered in computing maximum moments and shears. All these
forces produce several loading conditions on the structure which must be separated to get
the maximum effect at each point in the structure. The maximum moments, shears and axial
forces from the analysis routines are used to design the individual pier components.
Moments at the face of column are used for pier cap design.

Skin reinforcement on the side of the cap, shall be determined as per LRFD [5.7.3.4]. This
reinforcement shall not be included in any strength calculations.

See 13.1 and 13.2.1 for further requirements specific to this pier type.
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13.7 Hammerhead Pier Cap Design

WisDOT policy item:

Hammerhead pier caps shall be designed using the strut-and-tie method.

The strut-and-tie method is simply the creation of an internal truss system used to transfer
the loads from the bearings through the pier cap to the column(s). This is accomplished
through a series of concrete “struts” that resist compressive forces and steel “ties” that resist
tensile forces. These struts and ties meet at nodes. See Figure 13.7-1 for a basic strut-and-
tie model that depicts two bearing reactions transferred to two columns.

P P
Nodal l l Nodal
Zone ompressiv Zone
Stru W
Compressive” N\ Compressive
strut, N Strut
Nogdal // N\ Nogdal
Zone Tension Tie \SZone
T T
P =
Figure 13.7-1

Basic Strut-and-Tie Elements
Strut-and-tie models are based on the following assumptions:
e The tension ties yield before the compressive struts crush.
o External forces are applied at nodes.
e Forces in the struts and ties are uniaxial.
e Equilibrium is maintained.
e Prestressing of the pier is treated as a load.
The generation of the model requires informed engineering judgment and is an iterative,

graphical procedure. The following steps are recommended for a strut-and-tie pier cap
design.
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13.7.1 Draw the Idealized Truss Model

This model will be based on the structure geometry and loading configuration. At a minimum,
nodes shall be placed at each load and support point. Maintain angles of approximately 30°
(minimum of 25°) to 60° (maximum of 65°) between truss members. An angle close to 45°
should be used when possible. Figure 13.7-2 depicts an example hammerhead pier cap
strut-and-tie model.

P, P, P, P, Ps

'

. . - . . N
Stirrup,|_Stirrup | : A Stirrup_|_Stirrup =
Region 2IRegion 1 Region 1Region 2

R R,

Legend:

< ————» Compression
—-——— Tension

P; = Vertical Load at Bearing
Ri = Column Reaction
¢ = Angle from Vertical

Figure 13.7-2
Example Hammerhead Pier Cap Strut-and-Tie Model

To begin, place nodes at the bearing locations and at the two column 1/3-points. In Figure
13.7-2, the minimum of nodes A, C, D, E and G are all placed at a bearing location, and
nodes J and K are placed at the column 1/3-points. When drawing the truss model, the order
of priority for forming compressive struts shall be the following:
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1. Transfer the load directly to the column if the angle from vertical is less than 60°.

2. Transfer the load to a point directly beneath a bearing if the angle from vertical is
between 30° and 60°.

3. Transfer the load at an approximately 45° angle from vertical and form a new node.

In Figure 13.7-2, the bearing load at node C is transferred directly to the column at node J
since the angle formed by the compression strut C-J is less than 60°. The same occurs at
strut E-K. However, the angle that would be formed by compression strut A-J to the column
is not less than 60°, nor is the angle that would be formed by a strut A-l to beneath a bearing.
Therefore, the load at node A is transferred at a 45° angle to node H by strut A-H. To
maintain equilibrium at node H, the vertical tension tie B-H and the compression strut H-1 are
added.

Then, since the angle that would be formed by potential column strut B-J is not less than 60°,
a check is made of the angle that would be formed by strut B-Il. Since this angle is within the
30° to 60° range, compression strut B-1 is added. To maintain equilibrium at node |, the
vertical tension tie C-l1 and the compression strut I-J are added. This completes the basic
strut-and-tie model for the left side of the cap. The geometric setup on the right side of the
cap will be performed in the same manner as the left side.

The bearing load at node D, located above the column, is then distributed directly to the
column as the angle from vertical of struts D-J and D-K are both less than 60°. Compression
strut J-K must then be added to satisfy equilibrium at nodes J and K.

Vertically, the top chord nodes A, B, C, D, E, F and G shall be placed at the centroid of the
tension steel. The bottom chord nodes H, |, J, K, L and M shall follow the taper of the pier
cap and be placed at mid-height of the compression block, a/2, as shown in Figure 13.7-2.

The engineer should then make minor adjustments to the model using engineering judgment.
In this particular model, this should be done with node H in order to make struts A-H and B-I
parallel. The original 45° angle used to form strut A-H likely did not place node H halfway
between nodes A and C. The angle of strut A-H should be adjusted so that node H is placed
halfway between nodes A and C.

Another adjustment the engineer may want to consider would be placing four nodes above
the column at 1/5-points as opposed to the conservative approach of the two column nodes
shown in Figure 13.7-2 at 1/3-points. The four nodes would result in a decrease in the
magnitude of the force in tension tie C-I. If the structure geometry were such that girder P-
were placed above the column or the angle from vertical for potential strut B-J were less than
60°, then the tension tie C-1 would not be present.

13.7.2 Solve for the Member Forces

Determine the magnitude of the unknown forces in the internal tension ties and compression
struts by transferring the known external forces, such as the bearing reactions, through the
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strut-and-tie model. To satisfy equilibrium, the sum of all vertical and horizontal forces acting
at each node must equal zero.

13.7.3 Check the Size of the Bearings

Per LRFD [5.6.3.5], the concrete area supporting the bearing devices shall satisfy the
following:

P, <oP,
Where:
o = Resistance factor for bearing on concrete, equal to 0.70, as specified in
LRFD [5.5.4.2] (dimensionless)
Pu = Bearing reaction from strength limit state (kips)
Pn = Nominal bearing resistance (kips)

For node regions bounded by compressive struts and bearing areas:
P =0.85f"_ A

For node regions anchoring a tension tie in one direction:
P =0.75f"_A

For node regions anchoring tension ties in more than one direction:

P =0.65f"_ A
Where:
f'e = Specified concrete compressive strength (ksi)

>
I

Area under bearing device (in?)

WisDOT policy item:

WisDOT standard pier caps satisfy the bearing requirements of LRFD [5.7.5].
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13.7.4 Design Tension Tie Reinforcement

Tension ties shall be designed to resist the strength limit state force per LRFD [5.6.3.4.1].
For non-prestressed caps, the tension tie steel shall satisfy:

> u
A, 2 o,
Where:
Ast = Total area of mild steel reinforcement in the tie (in?)
Py = Tension tie force from strength limit state (kips)
o = Resistance factor for tension on reinforced concrete, equal to 0.90, as
specified in LRFD [5.5.4.2] (dimensionless)
fy = Yield strength of reinforcement (ksi)

Horizontal tension ties, such as ties A-B and E-F in Figure 13.7-2, are used to determine the
longitudinal reinforcement required in the top of the pier cap. The maximum tension tie value
should be used to calculate the top longitudinal reinforcement.

Vertical tension ties, such as ties B-H and C-I, are used to determine the vertical stirrup
requirements in the cap. Similar to traditional shear design, two stirrup legs shall be
accounted for when computing As. In Figure 13.7-2, the number of stirrups, n, necessary to
provide the As: required for tie B-H shall be spread out across Stirrup Region 2. The length
limits of Stirrup Region 2 are from the midpoint between nodes A and B to the midpoint
between nodes B and C. When vertical ties are located adjacent to columns, such as with tie
C-l, the stirrup region extends to the column face. Therefore, the length limits of Stirrup
Region 1 are from the column face to the midpoint between nodes B and C. The stirrup
spacing shall then be determined by the following equation:

Smax = E
n
Where:
Smax = Maximum allowable stirrup spacing (in)
L = Length of stirrup region (in)
n = Number of stirrups required to satisfy the Ag required to resist the

vertical tension tie force
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Skin reinforcement on the side of the cap, shall be determined as per LRFD [5.7.3.4]. This
reinforcement shall not be included in any strength calculations.

13.7.5 Check the Compression Strut Capacity

Compression struts shall be designed to resist the strength limit state force per LRFD
[5.6.3.3]. The resistance of an unreinforced compression strut shall be taken as:

Pr = d)fCUACS Z PU

Where:
P = Factored resistance of compression strut (kips)
Pu = Compression strut force from strength limit state (kips)
o = Resistance factor for compression in strut-and-tie models, equal to 0.70,
as specified in LRFD [5.5.4.2] (dimensionless)
feu = Limiting compressive stress (ksi)
Acs = Effective cross-sectional area of strut (in?)

The limiting compressive stress shall be given by:

f, = _fe 0.85f"
0.8+170¢,

In which:

g =€, + (85 +O.002)Cot2 o

Where:
€s = Concrete tensile strain in the direction of the tension tie at the strength
limit state (in/in)
Os = Smallest angle between the compression strut and the adjoining tension
ties (°)
f'e = Specified compressive strength (ksi)

The concrete tensile strain is given by:
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g, =—
AS’[ES
Where:
Es = Modulus of elasticity of steel, taken as 29,000 (ksi)

The cross-sectional area of the strut, Ac, is determined by considering both the available
concrete area and the anchorage conditions at the end of the strut. Figure 13.7-3, Figure
13.7-4 and Figure 13.7-5 illustrate the computation of Acs.

|—> A Nsines <6dpa  S60ba

dba -
- y —> e o o
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Figure 13.7-3
Strut Anchored by Tension Reinforcement Only
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Figure 13.7-4
Strut Anchored by Bearing and Tension Reinforcement
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Figure 13.7-5
Strut Anchored by Bearing and Strut
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In Figure 13.7-3, the strut area is influenced by the stirrup spacing, s, as well as the diameter
of the longitudinal tension steel, dva. In Figure 13.7-4, the strut area is influenced by the
bearing dimensions, Ly, in both directions, as well as the location of the center of gravity of
the longitudinal tension steel, 0.5ha. In Figure 13.7-5, the strut area is influenced by the
bearing dimensions, Ly, in both directions, as well as the height of the compression strut, hs.
The value of hs shall be taken as equal to “a” as shown in Figure 13.7-2. The strut area in
each of the three previous figures depends upon the angle of the strut with respect to the
horizontal, 0s.

If the initial strut width is inadequate to develop the required resistance, the engineer should
increase the bearing block size.

13.7.6 Check the Tension Tie Anchorage

Tension ties shall be anchored to the nodal zones by either specified embedment length or
hooks so that the tension force may be transferred to the nodal zone. As specified in LRFD
[5.6.3.4], the tie reinforcement shall be fully developed at the inner face of the nodal zone. In
Figure 13.7-4, this location is given by the edge of the bearing where 65 is shown.

13.7.7 Provide Crack Control Reinforcement

Pier caps designed using the strut-and-tie method shall contain an orthogonal grid of
reinforcing bars near each face in accordance with LRFD [5.6.3.6]. This reinforcement will
control crack widths and ensure a minimum ductility. The ratio of reinforcement area to gross
concrete area shall not be less than 0.003 in both directions. Maximum bar spacing shall not
exceed 12". The crack control steel, when located within the tension tie, may be considered
as part of the tension tie reinforcement.
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13.8 General Pier Cap Information

The minimum cap dimension to be used is 3’ deep by 2’-6” wide, with the exception that a 2'-
6” deep section may be used for caps under slab structures. If a larger cap is needed, use 6”
increments to increase the size. The multi-column cap width shall be a minimum of 1 1/2"
wider than the column on each side to facilitate construction forming. The pier cap length
shall extend a minimum of 2’ transversely beyond the centerline of bearing and centerline of
girder intersection.

On continuous slab structures, the moment and shear forces are proportional between the
transverse slab section and the cap by the ratio of their moments of inertia. The effective slab
width assumed for the transverse beam is the minimum of 1/2 the center-to-center column
spacing or 8.0'.

_ cap
Meap = Migta o+l
Where:
Mecap = Cap moment (kip-ft)
Miotal = Total moment (kip-ft)
lcap = Moment of inertia of pier cap (in*)
Isiab = Moment of inertia of slab (in%)

The concrete slab is to extend beyond the edge of pier cap as shown on Standards for
Continuous Haunched Slab and for Continuous Flat Slab. If the cap is rounded, measure
from a line tangent to the pier cap end and parallel to the edge of the deck.

Reinforcement bars are placed straight in the pier cap. Determine bar cutoff points on wide
caps. If the pier cap is cantilevered over exterior columns, the top negative bar steel may be
bent down at the ends to ensure development of this primary reinforcement.

Do not place shear stirrups closer than 4” on centers. Generally only double stirrups are
used, but triple stirrups may be used to increase the spacing. If these methods do not work,
increase the cap size. Stirrups are generally not placed over the columns. The first stirrup is
placed one-half of the stirrup spacing from the edge of the column into the span.

The cap-to-column connection is made by extending the column reinforcement straight into
the cap the necessary development length. Stirrup details and bar details at the end of the
cap are shown on Standard for Multi-Columned Pier.

Crack control, as defined in LRFD [5.7.3.4] shall be considered for pier caps. Class 2
exposure condition exposure factors shall only be used when concern regarding corrosion
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(i.e., pier caps located below expansion joints, pier caps subject to intermittent moisture
above waterways, etc.) or significant aesthetic appearance of the pier cap is present.
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13.9 Column / Shaft Design

See 13.4.10 for minimum shaft design requirements regarding the Extreme Event Il collision
load of LRFD [3.6.5].

Use an accepted analysis procedure to determine the axial load as well as the longitudinal
and transverse moments acting on the column. These forces are generally largest at the top
and bottom of the column. Apply the load factors for each applicable limit state. The load
factors should correspond to the gross moment of inertia. Load factors vary for the gross
moment of inertia versus the cracked moment as defined in LRFD [3.4.1] for ytu, Ycr, YsH.
Choose the controlling load combinations for the column design.

Columns that are part of a pier frame have transverse moments induced by frame action
from vertical loads, wind loads on the superstructure and substructure, wind loads on live
load, thermal forces and centrifugal forces. If applicable, the load combination for Extreme
Event Il must be considered. Longitudinal moments are produced by the above forces, as
well as the braking force. These forces are resolved through the skew angle of the pier to act
transversely and longitudinally to the pier frame. Longitudinal forces are divided equally
among the columns.

Wisconsin uses tied columns following the procedures of LRFD [5.7.4]. The minimum
allowable column size is 2’-6” in diameter. The minimum steel bar area is as specified in
LRFD [5.7.4.2]. For piers not requiring a certain percentage of reinforcement as per 13.4.10
to satisfy LRFD [3.6.5] for vehicular collision load, a reduced effective area of reinforcement
may be used when the cross-section is larger than that required to resist the applied loading.

The computed column moments are to consider moment magnification factors for
slenderness effects as specified in LRFD [5.7.4.3]. Values for the effective length factor, K,
are as follows:

e 1.2 for longitudinal moments with a fixed seat supporting prestressed concrete girders

e 2.1 for longitudinal moments with a fixed seat supporting steel girders and all
expansion bearings

e 1.0 for all transverse moments

The computed moments are multiplied by the moment magnification factors, if applicable,
and the column is designed for the combined effects of axial load and bending. According to
LRFD [5.7.4.1] all force effects, including magnified moments, shall be transferred to
adjacent components. The design resistance under combined axial load and bending is
based on stress-strain compatibility. A computer program is recommended for determining
the column’s resistance to the limit state loads.

As a minimum, the column shall provide the steel shown on the Pier Standards.

On large river crossings, it may be necessary to protect the piers from damage. Dolphins
may be provided.
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The column-to-cap connection is designed as a rigid joint considering axial and bending
stresses. Column steel is run through the joint into the cap to develop the compressive
stresses or the tensile steel stresses at the joint.

In general, the column-to-footing connection is also designed as a rigid joint. The bar steel
from the column is generally terminated at the top of the footing. Dowel bars placed in the
footing are used to transfer the steel stress between the footing and the column.

Crack control, as defined in LRFD [5.7.3.4] shall be considered for pier columns. All pier
columns shall be designed using a Class 2 exposure condition exposure factor.
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13.10 Pile Bent and Pile Encased Pier Analysis

WisDOT policy item:

Only the Strength | limit state need be utilized for determining the pile configuration required for
open pile bents and pile encased piers. Longitudinal forces are not considered due to fixed or
semi-expansion abutments being required for these pier types.

The distribution of dead load to the pile bents and pile encased piers is in accordance with
17.2.9. Live load is distributed according to 17.2.10.

WisDOT policy item:

Dynamic load allowance, 1M, is included for determining the pile loads in pile bents, but not for
piling in pile encased piers.

The pile force in the outermost, controlling pile is equal to:

poF M
n S
Where
F = Total factored vertical load (kips)
n = Number of piles
M = Total factored moment about pile group centroid (kip-ft)
S = Section modulus of pile group (ft%), equal to:
=
c
In which:
d = Distance of pile from pile group centroid
C = Distance from outermost pile to pile group centroid

See Standard for Pile Bent for details. See Standard for Pile Encased Pier for details.
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13.11 Footing Design

13.11.1 General Footing Considerations

There are typical concepts to consider when designing and detailing both spread footings
and pile footings.

For multi-columned piers:

o Each footing for a given pier should be the same dimension along the length of the
bridge.

e Each footing for a given pier should be the same thickness.

e Footings within a given pier need not be the same width.

e Footings within a given pier may have variable reinforcement.

e Footings within a given pier may have a different number of piles. Exterior footings
should only have fewer piles than an interior footing if the bridge is unlikely to be
widened in the future. An appropriate cap span layout will usually lend itself to similar
footing/pile configurations.

o Heavier piles, especially if primarily end bearing piles, can be more economical.

For hammerhead piers:
¢ Make as many seals the same size as reasonable to facilitate cofferdam re-use.
e Seal thickness can vary from pier to pier.

e Footing dimensions, reinforcement and pile configuration can vary from pier to pier.

e Heavier piles, especially if primarily end bearing piles, can be more economical.

WisDOT exception to AASHTO:

Crack control, as defined in LRFD [5.7.3.4] shall not be considered for pier isolated spread
footings, isolated pile footings and continuous footings.

Shrinkage and temperature reinforcement, as defined in LRFD [5.10.8] shall not be considered
for side faces of any buried footings.
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13.11.2 Isolated Spread Footings

WisDOT policy item:

Spread footings are designed using LRFD strength limit state loads and resistance for moment
and shear as specified in LRFD [5.13.3]. The foundation bearing capacity, used to dimension
the footing’s length and width, shall be determined using 4" Edition of the AASHTO LRFD
Bridge Design Specifications for Highway Bridges.

The spread footing is proportioned so that the foundation bearing capacity is not exceeded.
The following steps are used to design spread footings:

1.

Minimum depth of spread footings is 2'. Depth is generally determined from shear
strength requirements. Shear reinforcement is not used.

A maximum of 25% of the footing area is allowed to act in uplift (or nonbearing).
When part of a footing is in uplift, its section properties for analysis are based only on
the portion of the footing that is in compression (or bearing). When determining the
percent of a footing in uplift, use the Service Load Design method.

Soil weight on footings is based only on the soil directly above the footing.
The minimum depth for frost protection from top of ground to bottom of footing is 4'.
Spread footings on seals are designed by either of the following methods:

a. The footing is proportioned so the pressure between the bottom of the footing
and the top of the seal does not exceed the foundation bearing capacity and
not more than 25% of the footing area is in uplift.

b. The seal is proportioned so that pressure at the bottom of the seal does not
exceed the foundation bearing capacity and the area in uplift between the
footing and the seal does not exceed 25%.

The spread footing's reinforcing steel is determined from the flexural requirements of
LRFD [5.7.3]. The design moment is determined from the volume of the pressure
diagram under the footing which acts outside of the section being considered. The
weight of the footing and the soil above the footing is used to reduce the bending
moment.

The negative moment which results if a portion of the footing area is in uplift is
ignored. No negative reinforcing steel is used in spread footings.

Shear resistance is determined by the following two methods:

a. Two-way action
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The volume of the pressure diagram on the footing area outside the critical
perimeter lines (placed at a distance d/2 from the face of the column, where d
equals the effective footing depth) determines the shear force. The shear
resistance is influenced by the concrete strength, the footing depth and the
critical perimeter length. The critical perimeter length is 2 (L + d + W + d) for
rectangular columns and « (2R + d) for round columns, where R is the column
radius and d is the effective footing depth. The critical perimeter location for
spread footings with rectangular columns is illustrated in Figure 13.11-1.

Figure 13.11-1
Critical Perimeter Location for Spread Footings

b. One-way action

The volume of the pressure diagram on the area enclosed by the footing
edges and a line placed at a distance "d" from the face of the column
determines the shear force. The shear resistance is influenced by the
concrete strength, the footing depth and the entire footing width or length. The
shear location for one-way action is illustrated in Figure 13.11-2.
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Figure 13.11-2
Shear Location for One-Way Action

The footing weight and the soil above the areas are used to reduce the shear
force.

9. The bottom layer of reinforcing steel is placed 3" clear from the bottom of the footing.

10. If adjacent edges of isolated footings are closer than 4’-6”, a continuous footing shall
be used.

13.11.3 Isolated Pile Footings

WisDOT policy item:

Pile footings are designed using LRFD strength limit state loads and resistance for moment and
shear as specified in LRFD [5.13.3]. The pile design shall use LRFD strength limit state loads to
compare to the factored axial compression resistance specified in Table 11.3-5.

The nominal geotechnical pile resistance shall be provided in the Site Investigation Report.
The engineer shall then apply the appropriate resistance factor from Table 11.3.1 to the
nominal resistance to determine the factored pile resistance. The footing is proportioned so
that when it is loaded with the strength limit state loads, the factored pile resistance is not

exceeded.
The following steps are used to design pile-supported footings:

1. The minimum depth of pile footing is 2’-6”. The minimum pile embedment is 6”. See
13.2.2 for additional information about pile footings used for pile bents.

2. Pile footings in uplift are usually designed by method (a) stated below. However,
method (b) may be used if there is a substantial cost reduction.
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a. Over one-half of the piles in the footings must be in compression for the
Strength limit states. The section properties used in analysis are based only
on the piles in compression. Pile and footing (pile cap) design is based on the
Strength limit states. Service limit states require check for overall stability;
however a check of crack control is not required per 13.11. The 600 kip
collision load need not be checked per 13.4.10.

b. Piles may be designed for upward forces provided an anchorage device,
sufficient to transfer the load, is provided at the top of the pile. Provide
reinforcing steel to resist the tension stresses at the top of the footing.

Same as spread footing.
Same as spread footing.
The minimum number of piles per footing is four.

Pile footings on seals are analyzed above the seal. The only effect of the seal is to
reduce the pile resistance above the seal by the portion of the seal weight carried by
each pile.

If no seal is required but a cofferdam is required, design the piles to use the minimum
required batter. This reduces the cofferdam size necessary to clear the battered piles
since all piles extend above water to the pile driver during driving.

The pile footing reinforcing steel is determined from the flexural requirements of
LRFD [5.7.3]. The design moment and shear are determined from the force of the
piles which act outside of the section being considered. The weight of the footing and
the soil above the footing are used to reduce the magnitude of the bending moment
and shear force.

Shear resistance is determined by the following two methods:
a. Two-way action

The summation of the pile forces outside the critical perimeter lines placed at
a distance d/2 from the face of the column (where d equals the effective
footing depth) determines the shear force. The shear resistance is influenced
by the concrete strength, the footing depth and the critical perimeter length.
The critical perimeter length is 2 (L + d + W + d) for rectangular columns and
(2R + d) for round columns. The critical perimeter location for pile footings
with rectangular columns is illustrated in Figure 13.11-3.
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Figure 13.11-3
Critical Perimeter Location for Pile Footings

If the center of a pile falls on a line, then one-half of the pile force is assumed
to act on each side of the line.

b. One-way action

The summation of the pile forces located within the area enclosed by the
footing edges and a line at distance "d" from the face of the column
determines the shear force, as illustrated in Figure 13.11-2. The shear
resistance is influenced by the concrete strength, the footing depth and the
entire footing width or length. If the center of a pile falls on a line, then one-half
of the pile force is assumed to act on each side of the line.

10. The weight of the footing and soil above the areas is used to reduce the shear force.

11. The bottom layer of reinforcing steel is placed directly on top of the piles.

13.11.4 Continuous Footings

Continuous footings are used in pier frames of two or more columns when the use of isolated
footings would result in a distance of less than 4'-6” between edges of adjacent footings.
They are designed for the moments and shears produced by the frame action of the pier and
the soil pressure under the footing.

The soil pressure or pile load under the footing is assumed to be uniform. The soil pressures
or pile loads are generally computed only from the vertical column loads along with the soil
and footing dead load. The moments at the base of the column are ignored for soil or pile
loads.
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To prevent unequal settlement, proportion the continuous footing so that soil pressures or
pile loads are constant for Service | load combination. The footing should be kept relatively
stiff between columns to prevent upward footing deflections which cause excessive soil or
pile loads under the columns.

13.11.5 Cofferdams and Seals

A cofferdam is a temporary structure used to construct concrete substructures in or near
water. The cofferdam protects the substructure during construction, controls sediments, and
can be dewatered to construct the substructure in a dry environment. Dewatering the
cofferdam allows for the cutting of piles, placement of reinforcing steel and ensuring proper
consolidation of concrete. A cofferdam typically consists of driven steel sheet piling and
allows for the structure to be safely dewatered when properly designed. Alternative
cofferdam systems may be used to control shallow water conditions.

A cofferdam bid item may be warranted when water is expected at a concrete substructure
unit during construction. The cofferdam shall be practically watertight to allow for dewatering
such that the substructure is constructed in a dry environment. An exception is for pile
encased piers with expected water depths of 5 feet or less. These substructures may be
poured underwater, but in certain cases may still require a cofferdam for protection and/or to
address environmental concerns. A pile encased pier with expected water depths greater
than 5 feet will typically require a cofferdam. The designer should consult with geotechnical
and regional personnel to determine if a cofferdam is required. If a cofferdam is warranted,
then include the bid item “Cofferdams (Structure)”.

Environmental concerns (specifically sediment control) may require the use of cofferdams at
some sites. When excavation takes place in the water, some form of sediment control is
usually required. The use of simple turbidity barrier may not be adequate based on several
considerations (water depth, velocity, soil conditions, channel width, etc.). All sediment
control devices, such as turbidity barrier, shall not be included in structure plans. Refer to
Chapter 10 of the FDM for erosion control and storm water quality information.

A seal is a mat of unreinforced concrete poured under water inside a cofferdam. The seal is
designed to withstand the hydrostatic pressure on its bottom when the water above it is
removed. For shallow water depths and certain soil conditions a concrete seal may not be
necessary in order to dewater a cofferdam. Coordinate with geotechnical personnel to
determine if a concrete seal is required. The designer shall determine if a concrete seal is
required for a cofferdam. If a concrete seal is required, then include the bid item “Concrete
Masonry Seal” and required seal dimensions. The cofferdam design shall be the
responsibility of the contractor.

The hydrostatic pressure under the seal is resisted by the seal weight, the friction between
the seal perimeter and the cofferdam walls, and friction between seal and piles for pile
footings. The friction values used for the seal design are considered using the service limit
state. To compute the capacity of piles in uplift, refer to Chapter 11. Values for bond on piles
and sheet piling are presented in Table 13.11-1.
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Application Value of Bond
Bond on Piles 10 psi
Bond on Sheet Piling 2 psi applied to [ (Seal Depth - 2’) x Seal Perimeter |
Table 13.11-1

Bond on Piles and Sheet Piling

Lateral forces from stream flow pressure are resisted by the penetration of the sheet piling
below the streambed elevation and by the bracing inside the cofferdam. When seals for
spread footings are founded on rock, the weight of the seal is used to counterbalance the
lateral stream flow pressure.

The downstream side of the cofferdam should be keyed into rock deep enough or other
measures should be used to resist the lateral stream flow pressure. To provide a factor of
safety, the cofferdam weight (sheet piling and bracing) is ignored in the analysis. The design
stream flow velocity is based on the flow at the site at the time of construction but need not
exceed 75% of the 100-year velocity. The force is calculated as per 13.4.6.

A rule of thumb for seal thickness is 0.40H for spread footings and 0.25H for pile footings,
where H is the water depth from bottom of seal to top of water. The 2-year high water
elevation, if available, should be used as the estimated water elevation during construction.
The assumed water elevation used to determine the seal thickness should be noted on the
plans. The minimum seal size is 3'-0" larger than the footing size on all sides. See Standard
for Hammerhead Pier for additional guidance regarding the sizing of the seal.
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Example: Determine the seal thickness for a 9’ x 12’ footing with 12-12" diameter piles. Uplift
capacity of one pile equals 15 kips (per the Geotechnical Engineer). The water depth to the
top of seal is 16'.

Assume 15’ x 18’ x 3.25’ seal.

16I-0II

Figure 13.11-4
Seal Inside a Cofferdam

Uplift force of water 15x 18 x 19.25 x 0.0624 = 324.3 kips (up)
Weight of seal course 15x18 x 3.25x0.15 = 131.6 kips (down)
Friction of sheet piling 2x(15+18) x(3.25-2.0)x = 23.8 kips (down)
144 x 0.002

Pile frictional resistance Tx12x(3.25x12) x0.010 = 14.7 Kips

Pile uplift resistance (Per Geotechnical Engineer) = 15.0 kips
Total pile resistance 12 piles x min(14.7,15.0) = 176.4 kips (down)
Sum of downward forces 131.6+23.8+176.4 = 332 kips
Sum of upward forces 324.3 = 324 Kips

332 > 324 OK

USE 3'- 3" THICK SEAL

Note: Pile uplift resistance shall be determine by the Geotechnical Engineer. For this example,
when the pile uplift resistance equals 10 kips a 4’-6” thick seal is required.
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13.12 Quantities

Consider the "Upper Limits for Excavation” for piers at such a time when the quantity is a
minimum. This is either at the existing ground line or the finished graded section. Indicate in
the general notes which value is used.

Structure backfill is not used at piers except under special conditions.

Compute the concrete quantities for the footings, columns and cap, and show values for
each of them on the final plans.
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13.13 Design Examples

E13-1 Hammerhead Pier Design Example

E13-2 Multi-Column Pier Design Example
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E13-1 Hammerhead Pier Design Example

This example shows design calculations conforming to the AASHTO LRFD Bridge Design
Specifications (Seventh Edition - 2015 Interim) as supplemented by the WisDOT Bridge
Manual The design methods presented throughout the example are meant to be the most

widely used in general bridge engineering practice.

The first design step is to identify the appropriate design criteria. This includes, but is not
limited to, defining material properties, identifying relevant superstructure information, and
determining the required pier geometry.

E13-1.1 Obtain Design Criteria

This pier is designed for the superstructure as detailed in example E24-1. This is a two-span
steel girder stream crossing structure. Expansion bearings are located at the abutments, and
fixed bearings are used at the pier.

¢ Bearing «—C Bearing
Abutment —», Abutment
(I
< 120'-0” < 120'-0” N
. 240'-0” N
Figure E13-1.1-1
Bridge Elevation
| 46'-10 3/4" Out-to-Out
| 10-0" | 12'-0” | 12'-0” | 10-0" | |1'-53/8"
Shoulder | Lane Lane "~ Shoulder (Typ.)
Type LF Parapet r9-- g 1 ,
= ez ez |
R 1 l_3ll ?
3'-9" 4 Spaces @ 9-9” = 39’-0” 3'-9"
< > e >t T |

Figure E13-1.1-2
Bridge Cross Section
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E13-1.1.1 Material Properties:

We := 0.150
f‘c = 35
fy == 60

unit weight of concrete, kcf

concrete 28-day compressive strength, ksi

reinforcement strength, ksi

E13-1.1.2 Reinforcing steel cover requirements:

All cover dimensions listed below are in accordance with LRFD [Table 5.12.3-1] and are showr

in inches.

Coverep == 2.5
Covergg := 2.5
Coverg = 2.0

Coverg, .= 6.0

Pier cap
Pier column
Footing top cover

Footing bottom cover, based on standard pile projection

E13-1.2 Relevant superstructure data

Wdeck = 4650

Wroadway = 44 O

ng :=95
S:=9.75
DOH = 3.75
Nspans =2

L :=120.0
skew =0
Hsuper = 8.46
Hprg = 6.375
Whrng == 18
Lbrng = 26
Pmax = 0.10
Mmin = 0.06

Deck Width, ft
Roadway Width, ft

Number of Girders
Girder Spacing, ft

Deck Overhang, ft (Note that this overhang exceeds the limits
stated in Chapter 17.6.2. WisDOT practice is to limit the
overhang to 3'-7".)

Span Length, ft

Degrees

Superstructure Depth, ft

Bearing Height, in (Fixed, Type A)

Bearing Width, in

Bearing Length, in

Max. Coefficient of Friction of Abutment Expansion Bearings

Min. Coefficient of Friction of Abutment Expansion Bearings
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E13-1.2.1 Girder Dead Load Reactions

Unfactored Dead Load Reactions, kips

"LoadType" "Abut" "Pier" "LoadType" "Abut" "Pier"
"Beam" 7.00 34.02 "Beam" 7.00 34.02
"Misc" 123 473 "Misc" 0.83 3.15
DLR|nt = DLRext =
"Deck"  46.89 178.91 "Deck" 4857 185.42
"Parapet" 6.57 24.06 "Parapet” 6.57 24.06
"FWS" 7.46 27.32 "FWS" 7.46 27.32
[AbutRintpc = 61.69 | kips [AbutRextpc = 62.97 | kips
[AbutRintpyy = 7.46 | kips [AbutRextpyy = 7.46 |  kips
Pier Reactions:
[Rintpc = 241.72 | kips [Rextpc = 246.65 | kips
[Rintpy = 27.32 | kips [Rextpw = 27.32 | kips

E13-1.2.2 Live Load Reactions per Design Lane

Unfactored Live Load Reactions, kips

"LoadType" "Abut" "Pier"
LLR :=| "Vehicle" 64.72 114.17
"Lane" 32.76  89.41

These loads are per design lane and do not include dynamic load allowance. The pier
reactions are controlled by the 90% (Truck Pair + Lane) loading condition. The reactions
shown include the 90% factor.

E13-1.3 Select Preliminary Pier Dimensions

Selecting the most optimal pier type depends on site conditions, cost considerations,
superstructure geometry, and aesthetics. For this design example, a single column
(hammerhead) pier was chosen.

Since the Specifications do not have standards regarding maximum or minimum dimensions fol
a pier cap, column, or footing, the designer should base the preliminary pier dimensions on
WisDOT specific standards, previous designs, and past experience. The pier cap, however,
must be wide enough to accommodate the bearing.
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Figures E13-1.3-1 and E13-1.3-2 show the preliminary dimensions selected for this pier design
example.

46'_6" .
‘ — — — —
S
o
I
S
©
Y
=OI 1 5'_6" - 1 5|_6ll
S
~N
777777
Y A
©
™
T 23'_0"

Figure E13-1.3-1

Preliminary Pier Dimensions - Front Elevation
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5!_0"

6!_0"

4I_O|l

L
“

1 2!_0"

Figure E13-1.3-2
Preliminary Pier Dimensions - End Elevation

Pier Geometry Definitions (feet):

Lcap = 46.5 Leol:= 15.5 Lftg == 23 Dgoil := 2
Wegp = 4 Weg = 4 Witg =12 ~soil := 0.120
Heap = 11 Heol = 15 Hftg := 3.5

Hcap_end =93

Lop = 15.5

E13-1.4 Compute Dead Load Effects

Once the preliminary pier dimensions are selected, the corresponding dead loads can be
computed in accordance with LRFD [3.5.1]. The pier dead loads must then be combined with
the superstructure dead loads.

Exterior girder dead load reactions (DC and DW): |RextDC = 246.65 | Kips

[Rextpw = 27.32 | kips
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Interior girder dead load reactions (DC and DW): |RintDC =241.72 | Kips
|RintDW =27.32 | kips

Pier cap dead load:

Hcap end + Hcap
DLcap = Wc'Wcap'{z'( - 5 “Loh + Hcap: Leol
5+ 11
- 0.150-4-(2- 155+ 1145.5) [PLcap = 251.1 kips

Pier column dead load:

DLcol := We-Weol Heol Lol

= 0.150-4-15-15.5 DLggol = 139.5 kips

Pier footing dead load:

DLttg := We- Witg- Hitg- Ltg

= 0.150-12-3.5-23 DLftg = 144.9 kips

In addition to the above dead loads, the weight of the soil on top of the footing must be
computed. The two-foot height of soil above the footing was previously defined. Assuming a
unit weight of soil at 0.120 kcf in accordance with LRFD [Table 3.5.1-1] :

EVftg = Ysoil’ Dsoil'(Wftg‘ I-ftg - Weor I-col)

= 0.120-2-(12-23 — 4-15.5) EViig = 51.36 kips

E13-1.5 Compute Live Load Effects

For the pier in this design example, the maximum live load effects in the pier cap, column and
footing are based on either one, two or three lanes loaded (whichever results in the worst force
effect). Figure E13-1.5-1 illustrates the lane positions when three lanes are loaded.

The positioning shown in Figure E13-1.5-1 is determined in accordance with LRFD [3.6.1].
The first step is to calculate the number of design lanes, which is the integer part of the ratio of
the clear roadway width divided by 12 feet per lane. Then the lane loading, which occupies
ten feet of the lane, and the HL-93 truck loading, which has a six-foot wheel spacing and a
two-foot clearance to the edge of the lane, are positioned within each lane to maximize the
force effects in each of the respective pier components.
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Figure E13-1.5-1

Pier Live Loading

44'_0"
L 12'-0" Lane -A | 12'-0"Lane-B | 12'-0"Lane-C |
2‘_0" 2'_0“ 2'_0“
P P P
6‘_0" 6'_0" 6'_0"
ﬁ \ DA il D N DSV AN bl D W i
ez ez =zl |=—;‘|//‘I
9'_9" 9'_9" 9'-9" 9'_9" 2‘_6"
|
|
¢ pier —2-0"

= maximum number of design lanes that the bridge can accommodate
= roadway width between curbs, ignoring any median strip

= design lane width

N
Wroadway
W
W :=12

Wroadway = 44

Wroadway

W

feet

feet

design lanes

The unfactored girder reactions for lane load and truck load are obtained from the
superstructure analysis and are as shown in E13-1.1.3.2. These reactions do not include

dynamic load allowance and are given on a per lane basis (i.e., distribution factor = 1.0). Also,
the reactions include the ten percent reduction permitted by the Specifications for interior pier
reactions that result from longitudinally loading the superstructure with a truck pair in
conjunction with lane loading LRFD [3.6.1.3.1].
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[Rtruck = 114.17 | kips

[Riane = 89.41 | kips

IM := 0.33 Dynamic load allowance, IM from LRFD [Table 3.6.2.1-1]

The values of the unfactored concentrated loads which represent the girder truck pair load
reaction per wheel line in Figure E13-1.5-1 are:

Rtruck

Pwheel := (1 +1M) Pwheel = 75.92 | kips

The value of the unfactored uniformly distributed load which represents the girder lane load
reaction in Figure E13-1.5-1 is computed next. This load is transversely distributed over ten
feet and is not subject to dynamic load allowance, LRFD [3.6.2.1].

RIane

Wiane = —— Kips
ane = o Wiane = 894 ] ==

The next step is to compute the reactions due to the above loads at each of the five bearing
locations. This is generally carried out by assuming the deck is pinned (i.e., discontinuous) at
the interior girder locations but continuous over the exterior girders. Solving for the reactions is
then elementary. The computations for the reactions with only Lane C loaded are illustrated
below as an example. The subscripts indicate the bearing location and the lane loaded to
obtain the respective reaction:

Pwheel (4.25 + 10.25) + Wgne 10 x 7.25

Rs ¢: Rs ¢ =179.4 kips
a-° 9.75 2. ’
R4_¢ = Pwheel'2 + Wiane: 10 - Rs ¢ R4 ¢ = 61.86 kips

The reactions at bearings 1, 2 and 3 with only Lane C loaded are zero. Calculations similar to
those above yield the following live load reactions with the remaining lanes loaded. All
reactions shown are in kips.

Lane A Loaded Lane B Loaded Lane C Loaded

Rs 4:= 0.0 Rs_p == 0.0 Rs ¢ = 179.4
R4 a:=0.0 [R4_b = 123.66 | R4 ¢ =61.86
R3 g =72.31 [R3 b =117.56 | R3 ¢:=0.0

[R2_a = 164.67 | Ry p:=0.0 Rz ¢:= 0.0

Ria=427 Ri p:=0.0 Ri ¢:=0.0
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E13-1.6 Compute Other Load Effects

Other load effects that will be considered for this pier design include braking force, wind loads,
and temperature loads.

For simplicity, buoyancy, stream pressure, ice loads and earthquake loads are not included in
this design example.

E13-1.6.1 Braking Force

Since expansion bearings exist at the abutments, the entire longitudinal braking force is
resisted by the pier.
In accordance with LRFD [3.6.4], the braking force per lane is the greater of:

25 percent of the axle weights of the design truck or tandem

5 percent of the axle weights of the design truck plus lane load

5 percent of the axle weights of the design tandem plus lane load
The total braking force is computed based on the number of design lanes in the same
direction. It is assumed in this example that this bridge is likely to become one-directional in the
future. Therefore, any and all design lanes may be used to compute the governing braking

force. Also, braking forces are not increased for dynamic load allowance in accordance with
LRFD [3.6.2.1]. The calculation of the braking force for a single traffic lane follows:

25 percent of the design truck:

BRKk == 0.25-(32 + 32 + 8) BRKyy = 18 kips

25 percent of the design tandem:
BRKtan = 0.25:(25 + 25) [BRKtan = 12.5 | kips

5 percent of the axle weights of the design truck plus lane load:
BRKirk_fan := 0.05:[(32 + 32 + 8) + (0.64 x 2:L)] |BRKtrk_|an = 11.28 | kips

5 percent of the axle weights of the design tandem plus lane load:

Use:
BRK := max(BRKirk, BRKtan , BRKirk_jan BRKtan_jan)[BRK = 18 kips per lane
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LRFD [3.6.4] states that the braking force is applied along the longitudinal axis of the bridge at
a distance of six feet above the roadway surface. However, since the skew angle is zero for thi
design example and the bearings are assumed incapable of transmitting longitudinal moment,
the braking force will be applied at the top of bearing elevation. For bridges with skews, the
component of the braking force in the transverse direction would be applied six feet above the
roadway surface.

This force may be applied in either horizontal direction (back or ahead station) to cause the
maximum force effects. Additionally, the total braking force is typically assumed equally
distributed among the bearings:

BRK

BRKprg == —— BRKprg = 3.6 kips per
5 bearing per
lane
The moment arm about the base of the column is:
Hp
HBRK = Heol + Heap + % Hprk = 26.53 feet

E13-1.6.2 Wind Load on Superstructure

Prior to calculating the wind load on the superstructure, the structure must be checked for aero
elastic instability, LRFD [3.8.3]. If the span length to width or depth ratio is greater than 30, the
structure is considered wind-sensitive and design wind loads should be based on wind tunnel

studies.
feet
Width = Weck feet
Depth := Hsyper — Hpar feet
ﬁ =2.58 OK DeLpth = 20.72 OK

Since the span length to width and depth ratios are both less than 30, the structure does not
need to be investigated for aero elastic instability.

To compute the wind load on the superstructure, the area of the superstructure exposed to the
wind must be defined. For this example, the exposed area is the total superstructure depth
multiplied by length tributary to the pier. Due to expansion bearings at the abutment, the
transverse length tributary to the pier is not the same as the longitudinal length.

The superstructure depth includes the total depth from the top of the barrier to the bottom of
the girder. Included in this depth is any haunch and/or depth due to the deck cross-slope.
Once the total depth is known, the wind area can be calculated and the wind pressure applied.
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The total depth was previously computed in Section E13-1.1 and is as follows:
Hsuper = 846 feet

For this two-span bridge example, the tributary length for wind load on the pier in the
transverse direction is one-half of each span:

L+L

LwindT = > LwindT = 120 feet

In the longitudinal direction, the tributary length is the entire bridge length due to the expansion
bearings at the abutments:

LwindL = L-2 LwindL = 240 feet

The transverse wind area is:

AwsuperT = Hsuper LwindT |AwsuperT = 1015 | ft2

The longitudinal wind area is:

AwsuperL = Hsuper LwindL |AwsuperL = 2031 | ft2

In accordance with Section 13.4.4, the design wind velocity, Vg is equal to 100 mph and the

design wind pressure does not need to be adjusted. The design wind pressures, per Section
13.4.4.1, are as follows and shall be applied simultaneously:

Psuptrans = 0050 ka

Psupjongit := 0.019 ksf

Also, the minimum transverse normal wind loading on girders must be greater than or equal to
0.30 Klf:

Windiotal := PSUptrans Hsuper Windiotg = 0.42 | KIf

which is greater than 0.30 kIf
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Transverse Wind Loads

Y Y \ A Y \
/ Pier Cap
[ Girder Line
Z L\\QOOC’ Z

()

3

[S]

2
Plan View i g_c
©an
S0
o0

Longitudinal : 1

Wind Loads __ v

Elevation View
Figure E13-1.6-1
Application of Wind Load
The superstructure wind loads acting on the pier (girders) are:
WSsuptrns := AwsuperT- PSUPtrans |WSsuptrns =30.77 | Kips
WSsuping = AwsuperL PSUPjongit |WSsupIng = 38.59 | kips

The total longitudinal wind load shown above is assumed to be divided equally among the
bearings. In addition, the load at each bearing is assumed to be applied at the top of the
bearing. These assumptions are consistent with those used in determining the bearing forces
due to the longitudinal braking force.

The transverse wind loads shown above are also assumed to be equally divided among the
bearings but are applied at the mid-height of the superstructure.

For calculating the resulting moment effect on the column, the moment arm about the base of
the column is:
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Hbrng
Hwslong = Hecol + Heap + 12 |HWSIong = 26.53 | feet
Hbrng Hsuper
Hwstrns := Heol + Heap + 12 + 5 |HWStrns = 30.76 | feet

However, the transverse load also applies a moment to the pier cap. This moment, which acts
about the centerline of the pier cap, induces vertical loads at the bearings as illustrated in
Figure E13-1.6-2. The computations for these vertical forces are presented below.

46'-10%2"

y

<
<

4 Spaces @ 9'-9" = 39’-0”

—»T —»F* : )

I

[
[
[
\

!
!
*

Figure E13-1.6-2
Transverse Wind Loads at Pier Bearings from Wind on Superstructure

Hsuper
Mirns = Wssuptrns'( > Mirns = 214.8 kip-ft

Moment of Inertia for the Girder Group:
I= DAy

A=1  I,=lg 1=, ;=0

2 2
Igirders = 2(8 + S) + 28

2.(9.75 + 9.75)° + 2.9.75 lgirdors = 95063 | ft2

Moment-y
I

Reaction =
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RWS1_5¢ms == ———— RWS1_5ys = 4.41 | kips

[RWS2_4¢ns =22/|  kips

Finally, by inspection: |RWS3trns =0 | kips

E13-1.6.2.1 Vertical Wind Load
The vertical (upward) wind load is calculated by multiplying a 0.020 ksf vertical wind pressure
by the out-to-out bridge deck width. It is applied at the windward quarter-point of the deck only
for limit states that do not include wind on live load.

From previous definitions:
ft [Lwinar = 120 |t

The total vertical wind load is then:

WSyert := 0-02(Wdeck)'(|—windT> |stert =111.6 | Kips
] 46'-6" |
ﬁ 4 Spaces @ 9'-9” = 39'-0” '
IV\-v:::-.::j ... | ... | ... L—::::)
E—

Figure E13-1.6-3
Vertical Wind Loads at Pier Bearings from Wind on Superstructure

This load causes a moment about the pier centerline. The value of this moment is:
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Width
4

Mws_vert = WSyert Mws vert = 1297.35 | Kip-ft

The loads at the bearings are computed as follows:

~WSyert N |V'WS_vert' (2:S)

RWSyert1 := [RWSyert1 =4.29]  kips
S Igirders
-WS M -S
RWS yertp = vert N WS_vert |RWSver'[2 -y | Kips
S Igirders
~WS,ert .
RWSyert3 := Tve [RWS etz = —22.32 | kips
-WS M -S
RWSyerts = vert | WS ver [RWSyertq = -35.63 | kips
S Igirders
~WSyert Mws vert:2-S .
RWSyerts := =_ = [RWSyerts = -48.93 | kips

S) Igirders

Where a negative value indicates a vertical upward load.

E13-1.6.2.2 Wind Load on Vehicles

The representation of wind pressure acting on vehicular traffic is given by the Specifications as
a uniformly distributed load. This load is applied both transversely and longitudinally. For the
transverse and longitudinal loadings, the total force in each respective direction is calculated
by multiplying the appropriate component by the length of structure tributary to the pier. Similar
to the superstructure wind loading, the longitudinal length tributary to the pier differs from the
transverse length. In accordance with Section 13.4.4.3 the transverse and longitudinal loads
shown below shall be applied simultaneously. Also see 13.5.

LwingT = 120 | feet |LyingL = 240 | feet

PLLtrans := 0.100 kif

PLiiongit = 0.040  kif

WLirans = LwindT-PLLtrans Wlirans = 12 Kips
WLiong = LwindL' PLLIongit WLiong = 9.6 kips

The wind on vehicular live loads shown above are applied to the bearings in the same manner
as the wind load from the superstructure. That is, the total transverse and longitudinal load is
equally distributed to each bearing and applied at the the top of the bearing. In addition, the
transverse load acting six feet above the roadway applies a moment to the pier cap. This
moment induces vertical reactions at the bearings. The values of these vertical reactions are
given below. The computations for these reactions are not shown but are carried out as shown
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in the subsection "Wind Load from Superstructure." The only difference is that the moment
arm used for calculating the moment is equal to (Hge, - H,o, + 6.0 feet).

[RWL1 5yns = 2.9 | kips

|RWL2_4tms = 1.45 | kips

For calculating the resulting moment effect on the column, the moment arm about the base of
the column is:

. |"brng — feet

HweLiong = Hcol + Heap + 12 |HWLIong = 26.53 | ee
H . Hbrng — feet
WLtrns = Hcol + Heap + T + (Hsuper — Hpar + 6) |HWLtrns = 38.32 | ee

E13-1.6.3 Wind Load on Substructure

The Specifications state that the wind loads acting directly on substructure units shall be
calculated from a base wind pressure of 0.040 ksf. In accordance with Section 13.4.4.2, these
loads are applied simultaneously in the transverse and longitudinal directions of the pier.
These loads act simultaneously with the superstructure wind loads.
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Transverse

Wind Loads
|

\

v V‘/ Pier Cap

\

\

\

Longitudinal Wind Loads

\d

 /

Plan View

Figure E13-1.6-4
Wind Pressure on Pier

What follows is an example of the calculation of the wind loads acting directly on the pier. For
simplicity, the tapers of the pier cap overhangs will be considered solid. The column height
exposed to wind is the distance from the ground line (which is two feet above the footing) to the
bottom of the pier cap.

Component areas of the pier cap:

AcaplLong = (Lcap)'(Hcap) |AcapLong =511.5 | ft2

AcapTrans = (Wcap)'(Hcap) |AcapTrans =44 | ft2

Component areas of the pier column:

AcoILong = (Lcol)'(HcoI - I:)soil) |AcoILong =201.5 | ft2

AcolTrans = (Wcol)'(HcoI - I:)soil) |AcolTrans =52 | ft2

The transverse and longitudinal force components are:
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Psub := 0.040 ksf

WSsubL = Psub (AcapLong + AcolLong) [WSsubL = 28.52 | Kips

WSgubT = Psub'(AcapTrans + AcoITrans) |WSsubT =3.84 | kips

The point of application of these loads will be the centroid of the loaded area of each face,

respectively.
Hcap Heol — 2
AcapLong'(HcoI + 5 + AcolLong’ > +2
HwssubL =
! AcapLong + AcolLong
[Hwssubl = 17.11 | feet
Hcap Heol — 2
AcapTrans'(Hcol + T + AcolTrans’ > +2
HwssubT =

AcapTrans * AcolTrans

[HwssubT = 14 | feet

E13-1.6.4 Temperature Loading (Superimposed Deformations)

In this particular structure, with a single pier centered between two abutments that have
identical bearing types, the temperature force is based on assuming a minimum coefficient of
expansion at one abutment and the maximum at the other using only dead load reactions. This
force acts in the longitudinal direction of the bridge (either back or ahead station) and is

equally divided among the bearings. Also, the forces at each bearing from this load will be
applied at the top of the bearing.

The abutment girder Dead Load reactions from E13-1.1.3.1 are as follows:

|AbutRintpc = 61.69 |  [AbutRextpc = 62.97 |

|AbutRintDW = 7.46 | |AbutRextDW = 7.46 |

A = e — e

Fry := Ap:[3-(AbutRintpc + AbutRintpyy) + 2-(AbutRextpc + AbutRextpyy|]

Fry = 13.93 kips

The resulting temperature force acting on each bearing is:
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Fru ,
TUgRG = 5 TUBRG = 2.79 | kips

The moment arm about the base of the column is:

|'|brng
Hty = Heol + Hcap + T Hty = 26.53 feet

E13-1.7 Analyze and Combine Force Effects

The first step within this design step will be to summarize the loads acting on the pier at the
bearing locations. This is done in Tables E13-1.7-1 through E13-1.7-8 shown below. Tables
E13-1.7-1 through E13-1.7-5 summarize the vertical loads, Tables E13-1.7-6 through
E13-1.7-7 summarize the horizontal longitudinal loads, and Table E13-1.7-8 summarizes the
horizontal transverse loads. These loads along with the pier self-weight loads, which are showt
after the tables, need to be factored and combined to obtain total design forces to be resisted
in the pier cap, column and footing.

It will be noted here that loads applied due to braking and temperature can act either ahead or
back station. Also, wind loads can act on either side of the structure and with positive or
negative skew angles. This must be kept in mind when considering the signs of the forces in
the tables below. The tables assume a particular direction for illustration only.

Superstructure Wearing Surface
Dead Load Dead Load

Variable | Reaction | Variable | Reaction
Bearing | Name (Kips) Name (Kips)

1 Rextopc | 246.65 | Rexipw 27.32
Rintoc | 241.72 | Rextpw 27.32
Rintpc | 241.72 | Rextpw 27.32
Rintpc | 241.72 | Rextpw 27.32

RextDC | 246.65 | Rextpw 27.32

Al |N

Table E13-1.7-1
Unfactored Vertical Bearing Reactions from Superstructure Dead Load
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Vehicular Live Load **
Lane A Lane B Lane C

Variable |Reaction| Variable |Reaction| Variable | Reaction
Bearing [ Name [ (Kips) Name | (Kips) Name | (Kips)
1 Ri_a 4.27 R b 0.00 Ri_c 0.00
R, a [164.67| Ry, b 0.00 R, ¢ 0.00
R; a [ 72.31 Rs b [ 11756 | Rs_ c 0.00
R4 _a 0.00 Ry b | 12366 | R4 C 61.86
Rs_a 0.00 Rs b 0.00 Rs_c | 179.40

A [WIN

**Note: Live load reactions include impact on truck loading.

Table E13-1.7-2
Unfactored Vertical Bearing Reactions from Live Load

Reactions from
Bearing | Transverse Wind Load
on Superstructure (kips)

4.41

2.20

0.00

-2.20

-4.41

m#wm—\_g

Table E13-1.7-3
Unfactored Vertical Bearing Reactions from Wind on Superstructure

Reactions from

Bearing | Transverse Wind Load on
No. |Vehicular Live Load (kips)

2.90

1.45

0.00

-1.45

-2.90

QB |WIN|(=

Table E13-1.7-4
Unfactored Vertical Bearing Reactions from Wind on Live Load
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Unfactored Vertical Bearing Reactions from Vertical Wind on Superstructure
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Vertical Wind Load
on Superstructure
Bearing | Variable | Reaction
No. Name (Kips)
1 RWS, ert1 4.29
2 RWS,ert2 -9.01
3 RWSyerz | -22.32
4 RWSyertg | -35.63
5 RWSyerts | -48.93

Table E13-1.7-5

Braking Load **

Temperature
Loading

Each
Bearing

Variable | Reaction | Variable | Reaction
Name (Kips) Name (Kips)
BRKjyg 3.60 TU; 2.79

**Note: Values shown are for a single lane loaded

Table E13-1.7-6

Unfactored Horizontal Longitudinal Bearing Reactions from Braking and Temperature

Unfactored Horizontal

Load Type Longitudinal Forces (kips)
Wind Loads from Superstructure 38.59
Wind on Live Load 9.60
Wind on Pier 28.52

Table E13-1.7-7

Unfactored Horizontal Longitudinal Forces
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Unfactored Horizontal

Load Type Transverse Forces (kips)
Wind Loads from Superstructure 50.77
Wind on Live Load 12.00
Wind on Pier 3.84

Table E13-1.7-8
Unfactored Horizontal Transverse Forces

In addition to all the loads tabulated above, the pier self-weight must be considered when
determining the final design forces. Additionally for the footing and pile designs, the weight of
the earth on top of the footing must be considered. These loads were previously calculated
and are shown below:

[PLcap = 251.1 | kips DLpg = 1449 | kips
[DLcoi = 1395 kips EVig = 51.36 | kips

In the AASHTO LRFD design philosophy, the applied loads are factored by statistically
calibrated load factors. In addition to these factors, one must be aware of two additional sets o
factors which may further modify the applied loads.

The first set of additional factors applies to all force effects and are represented by the Greek
letter h (eta) in the Specifications, LRFD [1.3.2.1]. These factors are related to the ductility,
redundancy, and operational importance of the structure. Asingle, combined eta is required for
every structure. In accordance with WisDOT policy, all eta factors are taken equal to one.

The other set of factors mentioned in the first paragraph above applies only to the live load
force effects and are dependent upon the number of loaded lanes. These factors are termed
multiple presence factors by the Specifications, LRFD [T3.6.1.1.2-1]. These factors for this
bridge are shown as follows:

Multiple presence factor, m (1 lane) m1q = 1.20
Multiple presence factor, m (2 lanes) my := 1.00
Multiple presence factor, m (3 lanes) m3 = 0.85

Table E13-1.7-9 contains the applicable limit states and corresponding load factors that will be
used for this pier design. Limit states not shown either do not control the design or are not
applicable. The load factors shown in Table E13-1.7-9 are the standard load factors assigned
by the Specifications and are exclusive of multiple presence and eta factors.

It is important to note here that the maximum load factors shown in Table E13-1.7-9 for uniform
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temperature loading (TU) apply only for deformations, and the minimum load factors apply for
all other effects. Since the force effects from the uniform temperature loading are considered in
this pier design, the minimum load factors will be used.

Load Factors

Strength | | Strength lll{ Strength V| Service |

Load Ymax | Ymin | Ymax | Ymin | Ymax | Ymin | Ymax | Y min
DC 1.25(0.9011.25]10.90(1.25{0.90({1.00]1.00
DW 1.5010.65[1.50{0.65]|1.50|0.65{1.00]1.00

LL 1.7511.75| — [ — |1.35/1.35(1.00]1.00
BR 1.7511.75| - [ - |1.35/1.35(1.00]1.00
TU 1.2010.50(1.20{0.50]1.20|0.50{1.20]1.00
WS -—- [ — 1140/1.40{0.40|0.40|0.30{0.30
WL - - - 11.00{1.00]1.00|1.00

EV 1.3511.00/1.35[1.0011.35/1.00{1.00]1.00

Table E13-1.7-9
Load Factors and Applicable Pier Limit States

The loads discussed and tabulated previously can now be factored by the appropriate load
factors and combined to determine the governing limit states in the pier cap, column, footing
and piles. Design calculations will be carried out for the governing limit states only.

E13-1.7.1 Pier Cap Force Effects
The pier cap will be designed using a strut and tie model. See E13-1.8 for additional

information. For this type of model, the member's self weight is included in the bearing
reactions. The calculation of the Strength 1 Factored girder reactions follows.

For the dead load of the cap, the tributary weight of the cap will be added to each girder

reaction.
Cappc_1 := 8.625 > +28.34'Wcap'Wc |CapD(;_1 = 3452 | kips
Cappc 2 = (6-875-M + 2.875'11)~Wcap'wc |CapDC_2 = 58.86 | kips
Cappc_3 = 9.75-11-Weap We |CapDc_3 = 64.35 | kips
Cappc_4 = Cappc 2 [Cappc 4 =58.86 |  kips
Cappc 5 = Cappc_1 [Cappc 5 =3452 ] kips
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Look at the combined live load girder reactions with 1 (Lane C), 2 (Lanes C and B) and 3 lanes
(Lanes C, B and A) loaded. The multiple presence factor from E13-1.7 shall be applied. The
design lane locations were located to maximize the forces over the right side of the cap.

Unfactored Vehicular Live Load
1Lane, m=1.2 | 2Lanes, m=1.0 | 3 Lanes, m=0.85
Variable |Reaction| Variable |Reaction| Variable | Reaction
Bearing [ Name [ (Kips) [ Name | (Kips) | Name | (Kips)
1 Ry 1 0.00 Ry 2 0.00 R 3 3.63
2 Ry 1 0.00 Ry, 2 0.00 R, 3 [ 139.97
3 Rs 1 0.00 Rs b [11756 | Rs;_3 | 161.40
4 Ry 1 74.23 Ry 2 | 18552 | R4 3 | 157.70
5 Rs_1 [ 21527 | Rs_b | 179.40| Rs_3 | 152.49

Table E13-1.7-10
Unfactored Vehicular Live Load Reactions

Calculate the Strength 1 Combined Girder Reactions for 1, 2 and 3 lanes loaded. An example
calculation is shown for the girder 5 reaction with one lane loaded. Similar calculations are
performed for the remaining girders and number of lanes loaded.

Rus_1 == Ypcmax (Rextpc + Cappc_5) + YDwmax: Rextpw + YL Rs_1

[Rus_1 = 769.17 kips
Total Factored Girder Reactions™*

1Lane,m=1.2 | 2 Lanes,m=1.0 | 3 Lanes, m=0.85
Variable |Reaction| Variable |Reaction| Variable |Reaction

Bearing [ Name [ (Kips) Name | (Kips) Name | (Kips)
1 Ru; 1139244 | Ruy 2 | 39244 | Ru,_3 | 398.79

2 Ru, 1 [416.71 | Ru, 2 | 416.71 | Ru,_3 | 661.66

3 Rus_1 142357 | Rus b [ 629.30 | Ru;_3 | 706.01

4 Rus 1 | 546.62 | Ruy 2 | 741.38 | Rus_3 | 692.68

5 Rus_1 | 769.17 | Rus_b | 706.38 | Rus_3 | 659.29

** Includes dead load of pier cap

Table E13-1.7-11
Factored Girder Reactions for STM Cap Design
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E13-1.7.2 Pier Column Force Effects

The controlling limit states for the design of the pier column are Strength V (for biaxial bending
with axial load). The critical design location is where the column meets the footing, or at the
column base. The governing force effects for Strength V are achieved by minimizing the axial
effects while maximizing the transverse and longitudinal moments. This is accomplished by
excluding the future wearing surface, applying minimum load factors on the structure dead
load, and loading only Lane B and Lane C with live load.

For Strength V, the factored vertical forces and corresponding moments at the critical section
are shown below.

Strength V Axial Force:

[Rextpc = 246.65 |  kips [R3 2 =117.56 | kips
[Rintpc = 241.72 |  kips [R4_2 = 185.52 | kips
IpL 251.1 | kips "eap R 179.4 kips
[DLcol = 1395 | kips

[WSyert = 111.6 | kips (uplift)

AXcolStrv = YDCminStrV (2' Rextpc + 3-Rintpc + DLcgp + DI-col)
+iLstv(Rs 2+ Ra 2+ Rs 2) ...
+ —Ywsstrv: WSyert

[Axcolstry = 2054.87 | kips

Strength V Transverse moment:

ArmVdqo = S JArmV4co = 9.75 | feet
ArmV5¢ := 2.S JArmV5¢5 = 19.5 | feet
[WSsuptrns = 50.77 | kips [Hwstms = 30.76 | feet
kips [Hwitms = 38.32 | feet
|WSsupt = 3.84 | kips [HwssubT = 14 | feet

Mws_vert = 1297.35 | kip-ft
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MuTcoistry = YLLStrV(R3 2 ArmV3eo) + Ry o ArmVA o) + Rs_p- ArmV5g) ..

+ YWLStrv: (WLtrans‘ HWLtrns)
+ ’YWSStrV‘(MWS_vert + WSsuptrns' Hwstrns + WSsubT HWSsubT)

MuTcoistry = 8789.59 | kip-ft

Strength V Longitudinal moment:

BRKprg = 3.6 kips/bearing per lane [Her = 26.53 | feet
[TUgRrG = 2.79 | kips/ bearing HTu = 26.53 feet

|VVSsuplng = 38.59 | kips |HWS.ong = 26.53 | feet
Kips [Fwiiong = 2653 | feet
|WSSUbL = 28.52 | kips |HWSsubL =17.11 | feet

multi presence factor for two lanes loaded

MuLcoistrv = ~BRstrv: (5-BRKprg HBRK:2:M2) ...
+ YTUminstrv(5TUBrG  HTU) -
+ AwLstrv' (WLiong' Hwiiong) -
+ “{WSStrV'(WSsuplng' Hwslong + WSsubL- HWSsubL)

For Strength 111, the factored transverse shear in the column is:

WSsubT = 3.84 | kips [WSuptms = 50.77 | kips

VuTeg = ’*(WSStrIII(WSsuptms + WSsubT) |VUTcoI = 76.45 | Kips

For Strength V, the factored longitudinal shear in the column is (reference Table E13-1.7-7):
WLiong = 9.6 [WSsubL = 2852 | [WSsuping = 38.59 | kips

Vulcg) = ’*(WSStrV(WSsupIng + WSsubL) + ’*(WLStrV'WLIong
+ ~Tumin'(TUBRG5) + YBRstrv: (5-BRKprg)- 3-m3

[VuL ol = 105.37 kips

July 2015 13E1-27



§§§ WisDOT Bridge Manual Chapter 13 — Piers
e

E13-1.7.3 Pier Pile Force Effects

The foundation system for the pier is a reinforced concrete footing on steel H-piles. The force
effects in the piles cannot be determined without a pile layout. The pile layout depends upon
the pile capacity and affects the footing design. The pile layout used for this pier foundation is
shown in Figure E13-1.10-1.

Based on the pile layout shown in Figure E13-1.10-1, the controlling limit states for the pile
design are Strength | (for maximum pile load), Strength Il (for minimum pile load), and Strengtt
V (for maximum horizontal loading of the pile group).

Structure Dead Load Effects

Girder DC Reactions: Girder DW Reactions:
[Rextpc = 246.65 | kips [Rextpw = 27.32 | kips
[Rintpc = 24172 kips Rintow = 2732 | kips
[DLcap = 251.1 | kips

[DLcol = 1395 | kips

DLfig = 144.9 kips

DCpile = DCSuper + DI-Cap + DLgol + DLftg |DCpiIe = 1753.96 | kips
DWyile := 2-Rextpw + 3-Rintpwy [DWpite = 136.6 | kips

Vertical Earth Load Effects

EVpile == EVitg [EVopile = 51.36 kips

Live Load Effects (without Dynamic Load Allowance)

Live Load Girder Reactions for 2 lanes, Lanes B and C, loaded:

i
s

[R3_2p = 99.21 | kips
[R4_2p = 156.54 | kips
[Rs_2p = 151.38 | kips RT 2p = 407.13 kips

July 2015 13E1-28



‘!“"‘ I.'.OJ'(%

s Ayt WisDOT Bridge Manual Chapter 13 — Piers
)

From Section E13-1.7, the Transverse moment arm for girders 3, 4 and 5 are:

Armv3co| = 0 feet

[ArmV4co =975 | feet

JArmV5.o = 19.5 | feet

The resulting Transverse moment applied to the piles is:

MLLZT_p = R3_2p-ArmV300| + R4_2p-ArmV4co| + R5_2p-ArmV500|

MLLZT_p = 4478.2 kip-ft

The Longitudinal Strength 1 Moment includes the breaking and temperature forces.

MuL2¢oistrt = Y8R (5 BRKprg' HBRK  2:M2) + YTUmin(5TUBRG HTU)

[MuL2¢oistr1 = 1856.29 | kip-ft

Strength 1 Load for Maximum Pile Reaction

The maximum pile load results from the Strength | load combination with two lanes loaded.

PuZpile_str1 == YDCmax DCpile + Y\DWmax DWpile + YEVmax' EVpile + YLL'RT 2p

|PU2piIe_Str1 = 3179.17 | kips

MuTZpile_str1 == YLL-MLL2T p IMuT2pie_str1 = 7836.85 |  kip-ft

MuL2pile_str1 := MuL2¢oistr1 IMuL2pje_str1 = 1856.29 |  kip-ft

Minimum Load on Piles Strength V

The calculation for the minimum axial load on piles is similar to the Strength V axial column loac
calculated previously. The weight of the footing and soil surcharge are included. The girder
reactions used for pile design do not include impact. The DW loads are not included.

Pupile_strv = ¥DCminstrv- (2-Rextpc + 3-Rintpc + DLcap + DLl + Dlg) ...
+ YEVminstrv: EVpile -
+~LLstrv(R3_2p + Ra_2p + Rs_2p) ...
+ —Yywsstrv: WSyert

|Pupi|e_3tr\/ = 2134.91 | kips
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The calculation for the Strength V longitudinal moment is the same as the longitudinal moment
on the column calculated previously. These loads include the breaking force, temperature,
wind on live load and wind on the structure.

MuLpile_strv == YBRstrv: (5-BRKprg HBRK-2-M2) ..
+ YTUminstrv(5TUBRG: HTU) -
+ ywistrv: (Wliong: Hwiong) -
+ YWSStrv- (Wssuplng' Hwslong + WSsubL: HWSsubL)

MuLpjie strv = 2333.6 kip-ft

The calculation for the Strength V transverse moment is the similar as the transverse moment
on the column calculated previously. These loads include the live load, wind on live load and
wind on the structure. Impact is not included in these live load reactions.

MuTpile_strv = YLLstrv(R3_2p' ArmV3co) + Ra_op  ArmVA o) + Rs_op- ArmV5y)) ..
+ YWLStrv: (WLtrans' HWLtrns)
+ywsstrv: (Mws_vert + WSsuptrms Hwstrns + WSsubT- HwssubT)

MuTpjie strv = 7670.61 | kip-ft

For Strength Ill, the factored transverse shear in the footing is equal to the transverse force at
the base of the column.

HuTpilestril := VuTgol

= 'YWSStrIII‘(WSsuptrns + WSsubT) HuTpilestrin = 76.45 Kips

For Strength V, the factored longitudinal shear in the column is equal to the longitudinal force
at the base of the column.

HuL pilestrv := VuLcol HuLpjlestry = 105.37 | kips

The following is a summary of the controlling forces on the piles:

Strength |
kips
|Pu2p”e_3tr1 =3179.17 |
MUT2pj_str1 = 7836.85 | Kip-ft
kip-ft

IMuL2piie_str1 = 1856.29 |
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Strength Ili

|HUTpi|eStr||| = 76.45 | kips

Strength V

[Pupite_strv = 2134.91 | Kips

[MuTpite_strv = 7670.61 | kip-ft

[MuLpiie_strv = 2333.6 | kip-ft

kips
[HuLpiiestry = 105.37 | P

E13-1.7.4 Pier Footing Force Effects

The controlling limit states for the design of the pier footing are Strength | (for flexure,
punching shear at the column, and punching shear at the maximum loaded pile, and
for one-way shear). In accordance with Section 13.11, the footings do not require the crack
control by distribution check in LRFD [5.7.3.4]. As a result, the Service | Limit State is not
required. There is not a single critical design location in the footing where all of the force
effects just mentioned are checked. Rather, the force effects act at different locations in the
footing and must be checked at their respective locations. For example, the punching shear
checks are carried out using critical perimeters around the column and maximum loaded pile,
while the flexure and one-way shear checks are carried out on a vertical face of the footing
either parallel or perpendicular to the bridge longitudinal axis. Also note that impact is not
included for members that are below ground.  The weight of the footing concrete and the soil
above the footing are not included in these loads as they counteract the pile reactions.

DCitg := DCsuper + DLcap + DLcol |DCftg = 1609.06 | kips

DWig := 2-Rextpw + 3-Rintpyy [DWrg = 136.6 | kips

Unfactored Live Load reactions for one, two and three lanes loaded:

[RT_1p = 244.3 | kips
Rt 2p=407.13 |  kips
[RT_3p = 519.1 | kips
The resulting Transverse moment applied to the piles is:
MLLAT = R4 1p-ArmV4 o) + Rs_1p-ArmV5g MLL1T =4153.03 | kip-ft
MLL2T := R4 2p-ArmVd ol + Rs_2p- ArmV5g MLLoT = 4478.2 | kip-ft
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ML3T = (—Rz_gp + R4_3p)-ArmV4CO| + (—R1_3p + R5_3p)-ArmV500|

|M|_|_3-|- = 2595.17 kip-ft

The maximum pile load results from the Strength | load combination with two lanes loaded.

PuZfigstr1 := YDCmax DCitg + YDOWmax DWitg + YLL-RT_2p

[Pu2ngsr1 = 29287 | kips

MuT2sgstr1 == YLL-MLL2T [MuT2qgstr1 = 7836.85 | kip-ft

Mul2¢gsirq = ’YBR‘(5'BRKbrg'HBRK'2'm2) |MUL2fthtr1 = 1856.29 | kip-ft
+ ~TUmin(5TUgRG: HTU)

The Strength I limit state controls for the punching shear check at the column. In this case the
future wearing surface is included, maximum factors are applied to all the dead load
components, and all three lanes are loaded with live load. This results in the following bottom
of column forces:

Pu3figstr1 := YDCmax DCrtg + YDWmax DWitg + LL-RT_3p

[Pungstr1 = 3124.66 | kips

MuT3ftgstr1 = YLL-MLL3T [MuT3fgstr = 4541.55 | kip-ft

MuL3figstr1 = “BR: (5-BRKprg: HBRK"3-M3) .. [MuL3gstr1 = 2315.94 | kip-ft
+~TUmin(5TUBRG' HTU)

E13-1.8 Design Pier Cap - Strut and Tie Model (STM)

Prior to carrying out the actual design of the pier cap, a brief discussion is in order regarding
the design philosophy that will be used for the design of the structural components of this pier.

When a structural member meets the definition of a deep component, the Specifications
recommends, although does not mandate, that a strut-and-tie model be used to determine
force effects and required reinforcing. LRFD [C5.6.3.1] indicates that a strut-and-tie model
properly accounts for nonlinear strain distribution, nonuniform shear distribution, and the
mechanical interaction of V,, T, and M,,. Use of strut-and-tie models for the design of

reinforced concrete members is new to the LRFD Specification. WisDOT policy is to design
hammerhead pier caps using STM.
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E13-1.8.1 Determine Geometry and Member Forces

9.75'

9.75'

9.75'

10.17'

4.875'

4.875'

Figure E13-1.8-1

Strut and Tie Model Dimensions

In order to maintain a minimum 25° angle between struts and ties, the support nodes (H and I)
are located midway between the girder reactions. For this example a compressive strut depth
of 8 inches will be used, making the centroids of the bottom truss chords 4.5 inches from the
concrete surface. It is also assumed that two layers of rebar will be required along the top
tension ties, and the centroid is located 5.5 inches below the top of the cap.

centroidpet := 4.5

centroidiop := 5.5

Strength | Loads:

inches

inches

Total Factored Girder Reactions**

1 Lane, m=1.2 | 2 Lanes,m=1.0 |3 Lanes, m=0.85

Variable |Reaction| Variable |Reaction| Variable |Reaction

Bearing [ Name [ (Kips) Name | (Kips) Name | (Kips)
1 Rus_1 39244 | Rus_2 | 39244 | Ruy_3 | 398.79

2 Ru, 1 1416.71 | Ru, 2 | 416.71 | Ru,_3 | 661.66

3 Rusz 1142357 | Rus 2 | 629.30 | Ru;_3 | 706.01

4 Rus 1 | 546.62 | Ruy 2 | 741.38 | Rus_3 | 692.68

5 Rus_1 | 769.17 | Rus_2 | 706.38 | Rus_3 | 659.29

** Includes dead load of pier cap

Table E13-1.8-1

Total Factored Girder Reactions
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Calculate the forces in the members for the Strength | Load Case with 2 lanes loaded.

To find the column reaction at node |, sum moments about node H:

Rug 2-4.875 + Rug 2-14.625 + Rus 2-24.375 — Rup 2-4.875 — Ruq_2-14.625

R =
1.2 9.75

[Ri 2 =2395.66 |  kips

RH_2 = RU1_2 + RU2_2 + RU3_2 + RU4_2 + RU5_2 - R|_2

[RH_2 = 490.55 | kips

The method of joints is used to calculate the member forces. Start at node K.

By inspection, the following are zero force members and can be ignored in the model:

Fik:=0 FEk =0 FaAr =0 FEg:=0

Note: all forces shown are in kips. "C" indicates compression and "T" indicates tension.

At node E:
FEJ vert = Rus 2 |FEJ_Vert = 706.38 |
EJn
FEy_horiz = Rus 2=~ [FEJ_horiz = 735.42 |
\'
. 2 2 C
FEJ =/ FEJ vert + FEJ horiz [Feys = 1019.71 |
Fpe = FEJ_horiz [Foe = 735.42 | T
At node J:
F1J_horiz = FEJ_horiz F1J_horiz = 735.42 |
0.802
Fly_vert = Fiy_horiz: ;=2 [F1J_vert = 120.99 |

2 2
Fig:= \/FIJ_horiz +F1y_vert Fiy = 745.31 C
FpJ := FEJ vert — F1J_vert Fpy = 585.4 T
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At node D:
FDI_vert = Fpy + Rug 2 [Fol_vert = 1326.77 |
4.875
Foi_horiz = Foi_vert 7~ Fbi_horiz = 636.18 |
2 2 c
Foi == FDI_vert + FDI_nhoriz [Foi = 1471.41 |
Fco = Fpe + Fpi_horiz |FCD = 13716 | T
At node I:
[Ri_2 = 2395.66 |
Fci vert == Ri_2 = Fpi_vert = F1J_vert |FC|_vert = 947.9 |

4.875

10.167 [FCi noriz = 45451 |

Fci_horiz = Fcl_vert:

2 2
Fci:= \/FCI_vert + Fci_horiz [Foi = 105123 | c

Fit = Fpi_horiz + Fiy_nhoriz = Fcl_horiz Fi = 917.09 c

Similar calculations are performed to determine the member forces for the remainder of the
model and for the load cases with one and three lanes loaded. The results are summarized in
the following figures:
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Ruq= Rug= Rus= Ru,= Rus=
l 392.44 l416.71 l629.30 l741.38 706.38l
408.6 3 1.6 735.4

Figure E13-1.8-2
STM Member Forces (Two Lanes Loaded)

Figure E13-1.8-3

STM Member Forces (One Lane Loaded)
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RU5=
659.29l
4

Figure E13-1.8-4
STM Member Forces (Three Lanes Loaded)

E13-1.8.2 Check the Size of the Bearings

The node conditions are defined by the connecting types of struts and ties. The following table
describes the types of nodes and their corresponding limiting stresses.

Node Conditions Description Limiting Qoncrete
Compressive Stress
CCC node Strut anchor.ed by bearing plate and 0.850F
strut or continuous beam support.
CCT node Strugt anphored by one directional 0.750F
tension tie.
CTT node Strut anchr.ed by tension ties in more 0.650F,
than one direction.
Table E13-1.8-1
Limiting Stresses for Pier Cap Nodes
Node C: CTT Pprg := 0.70
Node D: CTT
Node E: CCT
Node H: CCT
Node I: CCC
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At node D the critical concrete compressive strength equals:

At node E the critical concrete compressive strength equals:

Bearing area required:

[Rug 2 = 741.38

NDCmax Cappc_4 = 73.58 |

BrgD, = Ru4_2 ~ ¥DGmax ©2PDC_4 BrgD, - 419.34 in?
2 0.65- dprg f'c 2 :

[Rus_1 = 769.17 |

NDCmax Cappc_5 = 43.15 |

BrgEq = Rus_1 ~ YoGmax ©aPDG.5 [BrgEy = 395.11 |  in”

The area provided by the bearing plate is:

. 2
Abrng = Lbrg Wbrng Apbrng = 468 in OK

E13-1.8.3 Calculate the Tension Tie Reinforcement

For the top reinforcement over the column, the required area of tension tie reinforcement, A,
in Tie CD for two lanes loaded is calculated as follows:

[Pucp 2 = 1371.6 kips
¢ :=0.9
Pucp 2 .
Astcp = = Astcp = 25.4 in2
¢-fy

Therefore use one row of 9 No.11 bars and one row of 9 No. 10 bars spaced at 5 inches for the
top reinforcement.

Asno11 = 1.5625 in?

Asno10 = 1.2656 in?

July 2015 13E1-38



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual Chapter 13 — Piers
L
Ascp = 9-AsNo11 + 9-ASNo10 |ASCD = 2545 | in?
Is Ascp > Astcp ? [check = "OK" |
48"
81" —» |a ﬂ < 3.81"

— 9-#11 Bars

|~ 9-#10 Bars
#5 Stirrups

<«—13.5"+

Figure E13-1.8-5
Cap Reinforcement at Tension Tie CD

Note: See LRFD [5.10.3.1.3] for spacing requirements between layers of rebar.

For the top reinforcement past the first interior girder, the required area of tension tie

reinforcement, A, in Tie DE for two lanes loaded is calculated as follows:

[Pupe_1 = 800.79 kips

Astpg = 14.83 in2

Therefore use one row of 9 No.11 bars spaced at 5 inches, and one row of 5 No.10 bars for the

top reinforcement.

Aspg = 9-AsNo11 + 4-ASNo10 |ASDE =19.12 | in?

Is Aspg > Astpg ? [check = "OK" |
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48"

<3.81"

1 Row of 9-#11 Bars,
1 Row of 5-#10 Bars

> #5 Stirrups

Figure E13-1.8-6
Cap Reinforcement at Tension Tie DE

E13-1.8.4 Calculate the Stirrup Reinforcement

The vertical tension ties DJ must resist a factored tension of force as shown below. The
controlling force occurs with one lane loaded. This tension force will be resisted by stirrups witt

in the specified length of the pier cap. Note that any tension ties located directly over the
column do not require stirrup design.

|Pupy 1 =637.43 | kips

Pu
n:=
¢'Ast‘fy

Try number 5 bars, with four legs.

Asnos := 0.3068  in?

Ast := 4-Asngs Ast = 1.23 in2
Pupy 1
npy = ———— npy = 9.62

The length over which the stirrup shall be distributed is from the face of the column to half way
between girders 4 and 5.

foot

I—col

Lpy = 1.5-3—7 feet

Therefore the required spacing, s, within this region is:
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Lpy-12 .
Sstirrup = in
npJ
n
Crack control in disturbed regions:
A
-t > 0.003
bs
bv = Wcap' 12 |n
Ast .
Sge = ——— Sgc = 8.52 in
" 0.003-b,
"
Sstir = min(sstirrupa Scc) in
12 in2
Aspy = LDJ'ASt'? Aspy = 12.66 in

Therefore use No. 5 double-legged stirrups at 8 inch spacing in the pier cap.

E13-1.8.5 Compression Strut Capacity - Bottom Strut

After the tension tie reinforcement has been designed, the next step is to check the capacity of
the compressive struts in the pier cap versus the limiting compressive stress. Strut IJ carries
the highest bottom compressive force when one lane is loaded. Strut IJ is anchored by Node J,
which also anchors ties DJ and strut EJ, From the geometry of the idealized internal truss, the
smallest angle is between Tie DJ and Strut 1J:

IJh
og = atan(mj |os = 80.66-deg
0 := 90deg — ag 0 = 9.34-deg

Puyy 1 =-811.55 kips

Based on the design of the tension tie reinforcement, the tensile strain in Tie DJ is:
Py
- Ast Es

€s:
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Eg := 29000 ksi

|PuD J 1 =1637.43 | kips

inches

Lpy-12

Astpy =

-Ast |Astpy = 12.66 | in2

Sstir

Pupy 1

©s = pstpy-Es es = 0.00174 in/in

Therefore, the principal strain, ¢4, can be determined LRFD [5.6.3.3.3]:

€1 := g+ (z—:s + O.OOZ)-cot(uS)2 in/in

The limiting compressive stress, f_, in the strut can also be computed LRFD [5.6.3.3.3]:

f fe 0.85.f
= < ) .
0.8+ 1704 ¢
f fo f 3.15 Ksi
= ——— = 3. S|
U108+ 170 ¢4 ou
fcu2 = 085f'c fCU2 = 298 ks'

fou == min(fout, feu2) ksi

The nominal resistance of Strut IJ is computed based on the limiting stress, f_,, and the strut

dimensions. The centroid of the strut was assumed to be at |centroidbot = 4.5 |inches

vertically from the bottom face. Therefore, the thickness of the strut perpendicular to the
sloping bottom face is:

tjy == 2-centroidpgt- cos(0) t,y = 8.88 inches
wiy = Weap 12 inches

Acs)y = tjy-wyy |Acs| J = 426.27 | in2

Pnyy = foy-Acsyy [Pniy = 1268.15 | kips
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écgtm = 0.7

Pry :== ¢csTm-Pnyy Pryy = 887.71 kips

[[Puiy 1] = 81155 ] kips

Is Priy = Puyy_17? [check = "OK" |

E13-1.8.6 Compression Strut Capacity - Diagonal Strut

Strut DI carries the highest diagonal compressive force when two lanes are loaded. Strut Dl is
anchored by Node D, which also anchors ties CD, DE and DJ, From the geometry of the
idealized internal truss, the smallest angle between Tie CD and Strut DI:

DI

as = atan| — [os = 64.38-deg
Din,

0 := 90deg — as 0 - 25.62-deg

Pup| 2 = -1471.41 | kips

The tensile strain in Ties CD and DE are calculated as follows. The average of these two
strains is used to check the capacity of Strut DI.

[Pucp 2 =13716|  kips Ascp = 25.45 in2
[Pupg_2 = 735.42 | kips Aspg = 19.12 in2

Pucp 2 .
€sCD 2= 7+ in
2" Ascp Es lescp_2 = 0.00186 | =
Pupe_2 .
€DE 2= 7 in
—2 " AspE-Es |€SDE_2 = 0.00133 | =
€sCD 2 + €sDE_2 in
€S_ave = — 2 — |€S_ave = 000159 | E

Therefore, the principal strain, ¢4, can be determined LRFD [5.6.3.3.3]:

July 2015 13E1-43



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual Chapter 13 — Piers

Yo

€1:=€s_ave + (€S_ave + 0-002)'C°t(0‘8)2 g1 = 0.00242 E

The limiting compressive stress, f_,, in the strut can also be computed LRFD [5.6.3.3.3]:

f

C
fou= —————— < 0.85.f
0.8+ 1701 ¢
f L: fouq = 2.89 Ksi
U1 0.8+ 170-¢4 out
fcu2 = 085flc fCU2 = 298 kSI

fou == min(fout, feu2) ksi

The cross sectional dimension of Strut DI in the plane of the pier is calculated as follows. Note
that for skewed bearings, the length of the bearing is the projected length along the centerline
of the pier cap.

nches
nches

[centroidiop = 5.5 |  inches

I—brng
J centroidiep

/ B ‘

i v— 2*centroidie,

2*centroid;p*cos(as)

8 Lbrng*sin(as)
h

/

Figure E13-1.8-7
Compression Strut Width
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tp) := Lpmg sin(a) + 2 centroidiop: cos (o) in

The effective compression strut width around each stirrup is:

dpar11 := 1.410 inches

Wef := 2-6-dpgr11 Wef = 16.92 in

The effective spacing between the 4 legs of the stirrups is 13.5 inches, which is less than the
value calculated above. Therefore, the entire cap width can be used for the effective strut
width.

The nominal resistance of Strut DI is computed based on the limiting stress, f_,, and the strut

dimensions.
Acsp = tp|-wp [Acsp) = 1353.61|  in2
Pnp := fey-Acsp [Pnp; = 3911.99 | kips
Prp := ¢csTim Pnpy [Pror = 2738.4 | kips

||Pup 2| = 1471.41 | kips

lcheck = "OK" |

| Is Prp| > |PUD|_2| ?

E13-1.8.7 Check the Anchorage of the Tension Ties

12 No. 11 longitudinal bars along the top of the pier cap must be developed at the inner edge
of the bearing at Node E (the edge furthest from the end of the member). Based on Figure
E13-1.8-8, the embedment length that is available to develop the bar beyond the edge of the

bearing is:
Lyevel = (distance from end to Node) + (bearing block width/2) - (cover)
feet
inches
[Covere, =25 | inches
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Leap — S(ng - 1)
2

L
12+ brng

Ldevel = — Covergp  |Ldevel = 55.5 in

The basic development length for straight No. 11 and No. 10 bars with spacing less than 6",
As(provided)/As(required) < 2, uncoated top bar, per Wis Bridge Manual Table 9.9-1 is:

" LerriZ=7]
Loro =779 LwZ=98]

Therefore there is not sufficient development length for straight bars. Check the hook

development length. The base hook development length for 90° hooked No.11 and #10 bars
per LRFD [5.11.2.4] is:

L 38.0-dpar11
hb11 = ——F=——
Jre

38.0-dbar10

Lhb10 = — Lhb1o = 25.8 in
T

[Lhb11 = 28.64 | in

The length available is greater than the base hook development length, therefore the reduction
factors do not need to be considered. Hook both the top 9 bars and the bottom layer 5 bars.
The remaining 4 bottom layer bars can be terminated 7.75 feet from the inside edge of the
bearings at girders 2 and 4.

In addition, the tension ties must be spread out sufficiently in the effective anchorage area.
The centroid of the tension ties is |centroidio, = 5.5 | inches below the top of the pier cap.

Therefore, the effective depth of the anchorage area is 11 inches. The nodal zone stress to
anchor the tension tie is:

|Pupe_1 = 800.79 | kips

[centroidiop = 5.5 | inches
fe = PUDE1 fo=1.52 ksi
" 2-centroidiop: Weap 12 c

This nodal region anchors a one direction tension tie, and Node E is classified as a CCT node.
The limiting nodal zone stress presented in Table 13-1.8-1 is:

0.75¢-fc=2.36 |  ksi

Is 0.75-¢-fg > s ? [check = "OK" |
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Therefore, the requirement for the nodal zone stress limit in the anchorage area is satisfied.

9'_9“
k—>‘<—>31_9u
7!_9"
T g 273" 9 #11 Bars
i 2-27> ] l«—2.5" CL.
5 #10 Bars
4 #10 Bars

Figure E13-1.8-8
Anchorage of Tension Tie

E13-1.8.8 Provide Crack Control Reinforcement

In the disturbed regions, the minimum ratio of reinforcement to the gross concrete area is 0.00:
in each direction, and the spacing of the bars in these grids must not exceed 12 inches, LRFD

[5.6.3.6]. Therefore the required crack control reinforcement within a 1 foot section is:

Ascrack = 0.003-(12)-Wegp 12 [Ascrack = 1.73 | in2

Use 4 - No. 7 horizontal bars at 12 inch spacing in the vertical direction

Aspno7 = 0.6013 [4-Asno7 = 2.41 | in2

#7 Bars (Typ)
— é L o o

S

pVal #5 Stirrups

Figure E13-1.8-9
Crack Control Reinforcement - Option 1

4k

OR If we assume 6-inch vertical spacing

AsCrack = 0003 (6)Wcap 12 AsCraCk = 086 |n2
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[2-Asno7 = 1.2 | in2

[check = "OK" |

#7 Bars (Typ)

« [F

y

N .

o 8
©CE

pVal #5 Stirrups

Figure E13-1.8-10

Crack Control Reinforcement - Option 2

This 6-inch spacing for the number 7 temperature and shrinkage reinforcement is also used

along the bottom of the cap.

The stirrups are spaced at, inches. Therefore the required crack control

reinforcement within this spacing is:

ASCrackz = 0003 (Sst"') Wcap' 1 2

|A5crack2 =115 | in2

4 legs of No.5 stirrups at inch spacing in the horizontal direction

Is 4-AsNos > AScrack2 ?

[4-Asnos = 1.23 | in2

[check = "OK" |
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E13-1.8.9 Summary of Cap Reinforcement

27"

(typ)

1 1 I_OII

1.5" clearﬂ k

clear— ]

Y

. 2 Rows of Bars

/

(typ - side faces)

Double
#5 Stirrups

@ 8" Spa.

#7 bars

(bottom face)

4!_0"

9-#11's over 9 # 10's

. 4-#10 Bars (not req’d
outside of girders 2 & 4)

#7 bars @ 6" O.C.

Pier Cap Design Summary

E13-1.9 Design Pier Column

Fiqure E13-1.8-11

As stated in E13-1.7, the critical section in the pier column is where the column meets the
footing, or at the column base. The governing force effects and their corresponding limit states

were determined to be:

Strength V

[Axcolstrv = 2054.87 | kips

MuTcoistry = 8789.59 | kip-ft

[MuLcoistry = 2333.6 | Kip-ft
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Strength Il
[VuTcol = 76.45 | kips
Strength V
[VuLgol = 105.37 | kips

A preliminary estimate of the required section size and reinforcement is shown in Figure

E13-1.9-1.

Y
I
15'_6"
. |
® © & 6 & & o & ¢ ¢ o ° ¢ o r ® © © & & & ¢ & o & ¢ o ¢ o

I «—21/2" G »
= . 3 O
X= Q@ —— it LT TEP P | L.—. X = o
N ! ~®

|

L #10 bars (typ) ;

\'( #4 hoops

12" O.C.
30 Equal Spaces @

Figure E13-1.9-1
Preliminary Pier Column Design

E13-1.9.1 Design for Axial Load and Biaxial Bending (Strength V):

The preliminary column reinforcing is show in Figure E13-1.9-1 and corresponds to #10 bars
equally spaced around the column perimeter. LRFD [5.7.4.2] prescribes limits (both maximum
and minimum) on the amount of reinforcing steel in a column. These checks are performed on

the preliminary column as follows:

Num_bars := 74 bar_area10:= 1.27 in2 bar dia10 := 1.27
As_col := (Num_bars)-(bar_area10) |As_col ~ 9398 | in2
2 .
Ag col = (Wcol)'(l-col)' 12 |Ag_col = 8928 | in2
As_col .
| — 0.0105 0.0105 < 0.08  (max. reinf. check) OK
_col
0.135-f¢ (but need not
|  ———C°_0008 be greater 0.0105 > 0.008  (min. reinf. check) OK
fy than 0.015)
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The column slenderness ratio (Kl /r) about each axis of the column is computed below in order

to assess slenderness effects. Note that the Specifications only permit the following
approximate evaluation of slenderness effects when the slenderness ratio is below 100.

For this pier, the unbraced lengths (I, Iuy) used in computing the slenderness ratio about each

axis is the full pier height. This is the height from the top of the footing to the top of the pier
cap (26 feet). The effective length factor in the longitudinal direction, K, is taken equal to 2.1.

This assumes that the superstructure has no effect on restraining the pier from buckling. In
essence, the pier is considered a free-standing cantilever in the longitudinal direction. The
effective length factor in the transverse direction, Ky is taken to equal 1.0.

The radius of gyration (r) about each axis can then be computed as follows:

(Leor 12) (Weor 12)°

lyx = 1 [l = 1714176 | in4
3
Weor 12)- (Lol 12
lyy = (Weo )é cor 12 lyy = 25739424 ] in®

IXX .
I'.XX = ’ Ag_COI rxx = 1386 n

[

yy :
fyy = |———— ryy = 53.69 in
yy Ag_col

The slenderness ratio for each axis now follows:
Ky = 2.1
Ky :=1.0

Ly = (Heol + Heap)- 12 in

K Ly

= 47.28

47.28 <100 OK

Mxx

Ky' Lu

= 5.81 581 <100 OK

lyy

LRFD [5.7.4.3] permits the slenderness effects to be ignored when the slenderness ratio is
less than 22 for members not braced against side sway. It is assumed in this example that the
pier is not braced against side sway in either its longitudinal or transverse directions.
Therefore, slenderness will be considered for the pier longitudinal direction only (i.e., about the
"X-X" axis).

In computing the amplification factor that is applied to the longitudinal moment, which is the enc
result of the slenderness effect, the column stiffness (El) about the "X-X" axis must be defined.
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In doing so, the ratio of the maximum factored moment due to permanent load to the maximum
factored moment due to total load must be identified (B).

From Design Step E13-1.7, it can be seen that the force effects contributing to the longitudinal
moment are the live load braking force, the temperature force and wind on the structure and
live load. None of these are permanent or long-term loads. Therefore, B is taken equal to

zero for this design.

Bg:=0
| Ec=33000w,'%/f;  LRFD[C5.4.2.7] ksi
|ES = 29000.00 | ksi
||XX = 1714176 | in4

I, = Moment of Inertia of longitudinal steel about the centroidal axis (in*)

-bar_dia10® 2
lg == T-(Num_bars) + 2-31-(bar_area10)-20.37" ...

+ 4-(bar_area10).14.55% + 4.(bar_area10)-8.73° + 4.(bar_area10)-2.91°

ls = 34187 in4

The column stiffness is taken as the greater of the following two calculations:

E |
Elg=— 9] in2
1 +Bd E|1 =2.22><10 -In
EC"XX
2.5
Bla = 475 Ely=246x10° | kein2
El = max(Ely , El) El = 2.46x 10° k-in2

The final parameter necessary for the calculation of the amplification factor is the phi-factor for
compression. This value is defined as follows:

Gaxial == 0.75

It is worth noting at this point that when axial load is present in addition to flexure, LRFD
[5.5.4.2.1] permits the value of phi to be increased linearly to the value for flexure (0.90) as the
section changes from compression controlled to tension controlled as defined in LRFD
[5.7.2.1]. However, certain equations in the Specification still require the use of the phi factor
for axial compression (0.75) even when the increase just described is permitted. Therefore, for
the sake of clarity in this example, if phi may be increased it will be labeled separately from

b, identified above.
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Asco := 2.53  in2 per foot, based on #10 bars at 6-inch spacing
| b:=12 inches aq:=0.85 (forf;<10.0ksi) LRFD [5.7.2.2]
ASColfy .
| a= —— inches
1-Te
B1:=0.85
_a
C:= 3_1 inches
bar_dia10 .
dt := Weo 12 — Covergg — 0.5 - — di = 44.37 inches

gc = 0.002 Upper strain limit for compression controlled sections, fy =60 ksi LRFD

[Table
gt:= 0.005 Lower strain limit for tension controlled sections, for fy =60 ksi C5.7.2-1]

-

€=
} 0.003

]

¢
WY
@)

Ets

Figure E13-1.9-2
Strain Limit Tension Control Check

€c

Ets = ?(dt— c) > ¢ =0.005

Therefore, the section is tension controlled and phi shall be equal to 0.9.
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®r:=0.9

The longitudinal moment magnification factor will now be calculated as follows:

n2El
Pe i= ——— [Pe = 56539.53 | kips
(K L)
1
dg = 65 = 1.04
® 1 AXcolStrv
¢t Pe
The final design forces at the base of the column for the Strength | limit state will be redefined
as follows:
Pu_col := AXcolStrv |Pu_col = 2054.87 | kips
Muyx := MuLcojstry-ds Mux = 2431.8 kip-ft
Myy := MuTcolstrv [Myy = 8789.59 | kip-ft

The assessment of the resistance of a compression member with biaxial flexure for strength
limit states is dependent upon the magnitude of the factored axial load. This value determines
which of two equations provided by the Specification are used.

If the factored axial load is less than ten percent of the gross concrete strength multiplied by
the phi-factor for compression members (¢,,.,). then the Specifications require that a linear

interaction equation for only the moments is satisfied (LRFD [Equation 5.7.4.5-3]). Otherwise,
an axial load resistance (Prxy) is computed based on the reciprocal load method (LRFD

[Equation 5.7.4.5-1]). In this method, axial resistances of the column are computed (using
fLow axial If @Pplicable) with each moment acting separately (i.e., P, with M,,,, P, with M, ).

These are used along with the theoretical maximum possible axial resistance (P, multiplied by
¢.4ia)) to oObtain the factored axial resistance of the biaxially loaded column.

Regardless of which of the two equations mentioned in the above paragraph controls,
commercially available software is generally used to obtain the moment and axial load
resistances.

For this pier design, the procedure as discussed above is carried out as follows:

[0.10- daxiar fc Ag_col = 2343.6 |  kips

[Pu_col = 2054.87 | kips Py _col < 2343.6K

Therefore, LRFD [Equation 5.7.4.5-3] will be used.
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||\/|ux — 24318 | kip-ft |Muy = 8789.59 | Kip-ft

The resultant moment equals:

Mu = My + My [Mu = 9119.79 | kip-ft

M, := 24052.3 Kip-ft

M

038 0.38<1.0 OK
My

The factored flexural resistances shown above, M, was obtained by the use of commercial

software. This value is the resultant flexural capacity assuming that no axial load is present.
Consistent with this, the phi-factor for flexure (0.90) was used in obtaining the factored
resistance from the factored nominal strength.

Although the column has a fairly large excess flexural capacity, a more optimal design will not
be pursued per the discussion following the column shear check.

E13-1.9.2 Design for Shear (Strength lll and Strength V)

The maximum factored transverse and longitudinal shear forces were derived in E13-1.7 and
are as follows:

VuTeo = 76.45 | kips  (Strength Ill)

[VuLgol = 105.37 | kips (Strength V)

These maximum shear forces do not act concurrently. Although a factored longitudinal shear
force is present in Strength Il and a factored transverse shear force is present in Strength V,
they both are small relative to their concurrent factored shear. Therefore, separate shear
designs can be carried out for the longitudinal and transverse directions using only the
maximum shear force in that direction.

For the pier column of this example, the maximum factored shear in either direction is less than

one-half of the factored resistance of the concrete. Therefore, shear reinforcement is not
required. This is demonstrated for the longitudinal direction as follows:

by := Leol 12 b, = 186 in

Conservatively, d, may be calculated as shown below, LRFD [5.8.2.9].

(6= ©72)-(n] in

The above calculation for d, is simple to use for columns and generally results in a
conservative estimate of the shear capacity.
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B:=20 0 = 45deg

The nominal concrete shear strength is:

V¢ = 0.0316-8-/fc-by-dy ~ 76004 kips

The nominal shear strength of the column is the lesser of the following two values:

i
¢}
I

Vin1:= Ve = 760.04 kips

I
=

Vo := 0.25-f-by-dy [Vn2 = 5624.64 | kips

Vp := min(Vp1, Vn2) Vj, = 760.04 kips

The factored shear resistance is:

dy := 0.90
Vp = dy-Vp V. = 684.04 kips
vV, ,
— =342.02 kips
2
. VI‘
VuLeo = 105.37 | kips 27 VuLcol
lcheck = "OK" ]

It has just been demonstrated that transverse steel is not required to resist the applied factored
shear forces. However, transverse confinement steel in the form of hoops, ties or spirals is
required for compression members. In general, the transverse steel requirements for shear
and confinement must both be satisfied per the Specifications.

It is worth noting that although the preceding design checks for shear and flexure show the
column to be over designed, a more optimal column size will not be pursued. The reason for
this is twofold: First, in this design example, the requirements of the pier cap dictate the columt
dimensions (a reduction in the column width will increase the moment in the pier cap).
Secondly, a short, squat column such as the column in this design example generally has a
relatively large excess capacity even when only minimally reinforced.

E13-1.9.3 Transfer of Force at Base of Column

The provisions for the transfer of forces and moments from the column to the footing are new
to the AASHTO LRFD Specifications. In general, standard engineering practice for bridge piers
automatically satisfies most, if not all, of these requirements.

In this design example, and consistent with standard engineering practice, all steel reinforcing
bars in the column extend into, and are developed, in the footing (see Figure E13-1.12-1).
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This automatically satisfies the following requirements for reinforcement across the interface of
the column and footing: A minimum reinforcement area of 0.5 percent of the gross area of the
supported member, a minimum of four bars, and any tensile force must be resisted by the
reinforcement. Additionally, with all of the column reinforcement extended into the footing,
along with the fact that the column and footing have the same compressive strength, a bearing
check at the base of the column and the top of the footing is not applicable.

In addition to the above, the Specifications require that the transfer of lateral forces from the
pier to the footing be in accordance with the shear-transfer provisions of LRFD [5.8.4]. With
the standard detailing practices for bridge piers previously mentioned (i.e., all column
reinforcement extended and developed in the footing), along with identical design compressive
strengths for the column and footing, this requirement is generally satisfied. However, for the
sake of completeness, this check will be carried out as follows:

Aoy = col Area of concrete engaged _AC = 8928 in2
=P in shear transfer. .

Avt = Ag col Area of shear reinforcement |A s = 93.98 in2
- crossing the shear plane. _

For concrete placed against a clean concrete surface, not intentionally roughened, the
following values are obtained from LRFD [5.8.4.3].

Coy == 0.075 Cohesion factor, ksi
p = 0.60 Friction factor
Kq:=0.2

Ko :=0.8

The nominal shear-friction capacity is the smallest of the following three equations
(conservatively ignore permanent axial compression):

Vnsft i= Cov-Acy + -Avf-fy |Vnsf1 = 4052.88 | kips
Visf2 = Kq-f'o-Agy Vnst2 = 6249.6 | kips
Vst == Ko-Acy Vnsts = 7142.4 | kips

Define the nominal shear-friction capacity as follows:

Vhsf = min(Vnsﬂ »Vnsf2>Vnsf3) |Vnsf = 4052.88 | kips

The maximum applied shear was previously identified from the Strength V limit state:

VuLeol = 105.37 Kips

It then follows:
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[bv (Vnsr) = 3647.59 | kips
d)v' (Vnsf) > VULCO|

lcheck = "OK" |

As can be seen, a large excess capacity exists for this check. This is partially due to the fact
that the column itself is over designed in general (this was discussed previously). However, the
horizontal forces generally encountered with common bridges are typically small relative to the
shear-friction capacity of the column (assuming all reinforcing bars are extended into the
footing). In addition, the presence of a shear-key, along with the permanent axial compression
from the bridge dead load, further increase the shear-friction capacity at the column/footing
interface beyond that shown above.

E13-1.10 Design Pier Piles

The foundation system for the pier is a reinforced concrete footing on steel H-piles. The
HP12x53 pile layout used for this pier foundation is shown in Figure E13-1.10-1.

Based on the given pile layout, the controlling limit states for the pile design were given in
E13-1.7.3.
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Np := 20 Number of piles

10-4.5% + 10-1.52

Swxi= 45
8102 +8.5
S

Maximum pile reaction:

|Pe = 56539.53 |

|Pu2p”e_3tr1 = 3179.17 |

Fiqure E13-1.10-1

Pier Pile Layout

e

kips (from column design)

kips
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|MuT2pi|e_Str1 = 7836.85 | kip-ft
|MuL2pi|e_Str1 = 1856.29 | kip-ft
1
dpile_Strl ==
pre=t 1 PuZpile_str1
¢t Pe 5pi|e_StrI =1.07
Pu. - PuZpile_str1 . MuT2pje_str1 . MuL2pijie_str1-dpile_Strl
P NP Syy Sxx
Pup = 276.93 kips
Pup
Pup_tons = 5 |PUp_tons = 138.46 | tons

From Wis Bridge Manual, Section 11.3.1.17.6, the vertical pile resistance of HP12x53 pile is :
| |Pr12x53 — 110 | tons [check = "No Good" |

| [Prizxss ppa = 143 | tons [check = "OK" |

Note: PDA with CAPWAP is typically used when it is more economical than

| modified Gates. This example uses PDA with CAPWAP only to illustrate that
vertical pile reactions are satisfied and to minimize example changes due to
revised pile values. The original example problem was based on higher pile
values than the current values shown in Chapter 11,Table 11.3-5.

Minimum pile reaction (Strength V):

|Pup”e_3trv = 2134.91 | kips

|MUTpiIe_StrV = 7670.61 | kip-ft

[MuLpite_strv = 2333.6 | kip-ft

1
dpile_Strv =
pre_st 1 Pupile_strv
ot Pe dpile_strv = 1.04

Pupile strv  MuTpjle strv  MuLpile_strv: Spile_Strv
Np

Pumi =
min_p Syy Ser
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Pumin p = —18.68 |  kips

Capacity for pile uplift is site dependant. Consult with the geotechnical engineer for allowable

values.

The horizontal pile resistance of HP12x53 pile from the soils report is :

Hrq2x53 := 14

Pile dimensions in the transverse (xx) and longitudinal (yy) directions:

BXX = 12.05

Pile spacing in the transverse and longitudinal directions:

Spaxx = 50

Spa

PO _ 4.8
B

12
Spayy

By
12

Use the pile multipliers from LRFD [T-10.7.2.4-1] to calculate the group resistance of the piles

in each direction.

HFXX =

Hryy :

Hr1ox53-5:(0.7 + 0.5 + 0.35-2)

Hrqox53-4-(1.0 + 0.85 + 0.70-3)

HFXX = 221 .2 kips

|HUTpi|eStr||| = 76.45 | kips

Hr . = HuTpilestrinn

lcheck = "OK" |

|Hu|_p”esw = 105.37 |kips

Hr > HuLpilestrv

lcheck = "OK" |
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E13-1.11 - Design Pier Footing

In E13-1.7, the Strength | limit states was identified as the governing limit state for the design of
the pier footing.

Listed below are the Strength | footing loads for one, two and three lanes loaded:

[Putngstr1 = 2643.74 | kips [Pu2gstr1 = 2928.7 | kips
MuT1ggstr = 7267.81 | Kip-ft [MuT2qgstr1 = 7836.85 |  kip-ft
MuL1ggst = 1187.7 | Kip-ft [MuL2gsir = 1856.29 | kip-ft

[Putigstr1 = 3124.66 | kips

[MuT3fgstr = 4541.55 | kip-ft

[MuL3ggstr = 2315.94 | Kip-ft

The longitudinal moment given above must be magnified to account for slenderness of the
column (see E13-1.9). The computed magnification factor and final factored forces are:

1

8 =
s1_ftgStr1 1 PU1fthtr1 551_fthtr1 =1.05
Ot Pe
8 = L
s2_ftgStr1 -= 1 PU2fthtr1 552_fthtr1 =1.06
Ot Pe
8 = L
s3_fthtr1 L 1 PU3fthtr1 553_fthtr1 = 107
Ot Pe
MuL1figstr1s == 8s1_ftgstr1- MuL1sgstr1 |MU|—1fthtr16 = 1252.79 | Kip-ft
Mul2¢gstr1s == 8s2_ftgStr1- MUl 2fgstr1 |MUL2ﬂ93tr16 = 1969.65 | Kip-ft
MuL3figstr1s == 8s3_ftgstr1- MuL3stgstr1 |MU|—3fthtr16 = 2467.46 | Kip-ft
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The calculations for the Strength | pile loads on the footing are calculated below for one, two
and three lanes loaded.

Number of piles
XX = 50 ft3

w

The following illustrates the corner pile loads for 2 lanes loaded:

Pu2gstr1 . MuTZ2ggstr1 . Mul2¢gstr15

Pu2 : Pu2; = 264.2

Pu2fgstr1  MuT2fgstr1 . Mul2¢gstr15

Pu2g = [Pu2s = 107.46 |
Pu2sigstr1  MuTZ2ggstr1  Mul2figstr1s
Pu24g := Sl = T2 [Puig = 18541 |
Np Syy Sxx
Pu2figstr1  MuT2fgstr1  MulZfigstr1s
Pu2yq = - -

Np Syy Sex [Pu22 = 28.67 |

Pile loads between the corners can be interpolated. Similar calculations for the piles for the
cases of one, two and three lanes loaded produce the following results:
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229.92 193.58 157.24 120.9 84.56
213.22 176.88 140.54 104.2 67.86
196.51 160.17 123.84 87.5 51.16
179.81 143.47 107.13 70.79 34.45

Pu1 =

264.2 225.01 185.83 146.64 107.46
237.93 198.75 159.57 120.38 81.2

211.67 17249 133.3 94.12 54.94
185.41 146.23 107.04 67.86 28.67

Pu2 =

251 228.29 205.58 182.87 160.17
218.1 195.39 172.68 149.97 127.27
185.2 162.49 139.78 117.08 94.37
152.3 129.59 106.88 84.18 61.47

Pu3 =

Pulpile = 229.92 | |F>u2|0”e = 264.2 | Pu3pije = 251

A conservative simplification is to use the maximum pile reaction for all piles when calculating
the total moment and one way shear forces on the footing.

Pu := max(Pu1pjle , Pu2pile , Pu3pile ) Pu = 264.2 kips

E13-1.11.1 Design for Moment

The footing is designed for moment using the pile forces computed above on a per-foot basis
acting on each footing face. The design section for moment is at the face of the column. The
following calculations are based on the outer row of piles in each direction, respectively.

Lig o = Lt et

Litg_yy := Witg feet
Applied factored load per foot in the "X" direction:

Pumom_xx == Pu-5 |PUMom_xx = 1320.98 |kips
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Pupm .
Ryx = Ml Ryx = 57.43 kips per foot

I-ftg_xx

Estimation of applied factored load per foot in the "Y" direction:
PuMom _yy := Pu-4 [Puom yy = 1056.79 |kips

|:’UMom_yy .
Ryy = ——— Ryy = 88.07 kips per foot

Lftg_yy

armyy ;= 2.5  feet

armyy := 2.25 feet

The moment on a per foot basis is then:

MUy := Ryy- @My [Muyy = 14359 | :fip-tft per
00
Muyy := Ryy-armyy |Muyy =198.15 | :‘(oi%-tﬂ per

Once the maximum moment at the critical section is known, flexure reinforcement must be
determined. The footing flexure reinforcement is located in the bottom of the footing and rests
on top of the piles.

Assume #8 bars:

bar_diam8 := 1.0 inches

bar_area8 := 0.79 in2

i

The footing minimum tensile reinforcement requirements will be calculated. The tensile
reinforcement provided must be enough to develop a factored flexural resistance at least equal
to the lesser of the cracking strength or 1.33 times the factored moment from the applicable
strength load combinations, LRFD [5.7.3.3.2].

The cracking strength is calculated as follows, LRFD[5.7.3.3.2]:
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footing
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|
i
Y

Longit Reinf
[~ #8bars
v —é. |
N L Trans Reinf
©
A

#8 bars

Figure E13-1.11-1
Footing Cracking Moment Dimensions

fr = 0.24-[f¢ ksi

2
b(Hpg 12
Sq = ol 12 Sq = 3528 in
6
Heg: 12
Yt = 5 vt = 21 in

Mg = 13(71.fr)8g therefore, Mg, = 1.1(fr)Sg

Where:

~1 := 1.6 flexural cracking variability factor

~3 := 0.67 ratio of yield strength to ultimate tensile strength of the reinforcement
for A615, Grade 60 reinforcement

1

1.33 times the factored controlling footing moment is:
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Mugtg := max(Muxy, Muyy) [Mugg = 198.15 | kip-ft

[1.33-Mugg = 263.54 | kip-ft

Mpesign := min(Mgr, 1.33-Mugg) Mpesign = 145.21 | kip-t

Mugg exceeds Mpesign , therefore set Mpegign = Mugg

Since the transverse moment controlled, M., , detail the transverse reinforcing to be located

directly on top of the piles.

yy’

Effective depth, d, = total footing thickness - cover - 1/2 bar diameter

bar diam8
de = Hftg' 12 — Coverg, — _T e =355 in

i

Solve for the required amount of reinforcing steel, as follows:

of = 0.90
b=12 in
IVIDesign' 12
Rn := —2 Rn = 0.175
¢f-b-de

f 2R
o= 085 —|10- [1.0- =" p = 0.00300

fy 0.85-f
Asfrg := p-b-de Asftg = 1.28 inZ per foot
Required bar spacing = M-Q =741 | in
Use #8 bars @ bar_space = 7

12 .
Asftq == bar_area8. | ———— Asftqg = 1.35 in2 per foot
g = bar_areats (2| p

Is Asftg > Asftg ? [check = "OK" |

Similar calculations can be performed for the reinforcing in the longitudinal direction. The
effective depth for this reinforcing is calculated based on the longitudinal bars resting directly
on top of the transverse bars.
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E13-1.11.2 Punching Shear Check

The factored force effects from E13-1.7 for the punching shear check at the column are:

[PuBfigstr1 = 3124.66 | kips

[MuT3sgsirt = 454155 |  kip-ft

MUL3ngsir1s = 2467.46 | Kip-ft

251 228.29 20558 182.87 160.17
218.1 19539 172.68 149.97 127.27
185.2 162.49 139.78 117.08 94.37
152.3 129.59 106.88 84.18 61.47 kips

Pu3 =

With the applied factored loads determined, the next step in the column punching shear check
is to define the critical perimeter, b,. The Specifications require that this perimeter be

minimized, but need not be closer than d /2 to the perimeter of the concentrated load area. In
this case, the concentrated load area is the area of the column on the footing as seen in plan.

The effective shear depth, d,, must be defined in order to determine b and the punching (or

two-way) shear resistance. An average effective shear depth should be used since the
two-way shear area includes both the "X-X" and "Y-Y" sides of the footing. In other words, d,,

is not equal to d, therefore d,, will not be equal to d,,. This is illustrated as follows assuming

a 3'-6" footing with #8 reinforcing bars at 6" on center in both directions in the bottom of the
footing:

=12 in

hstg := Hig 12 .
As_ftg = 2-(bar_area8) As ftg = 1.58 in2 per

(e

foot width
Effective depth for each axis:
Coverg, = 6
dow o h C bar_diam8
bar_diam8 :
dex := hitg — Covery, — bar_diam8 — —=—o° dox = 345 in

2
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Effective shear depth for each axis:
Tftg .
aftg = afg = 2.66 in
CEntPrrs
Aftg
dVX = max(dex - T . O.g'dex, 072 hftgj dVX = 331 7 In
aftg .

Average effective shear depth:

dyx +d
dV_an = % dv_avg = 3367 in
With the average effective shear depth determined, the critical perimeter can be calculated as
follows:
beol := Leor 12 beol = 186 in
teol == Weor 12 teol = 48 in

[
o)
e
N
o))
©
5

d d
b = 2[&300. + 2-( V—;Vgﬂ + 2-[tco| N 2.( vaavgﬂ bo

The factored shear resistance to punching shear is the smaller of the following two computed
values:

b
B = 2 Bc - 3.88

c
tcol

0.126

Vi_punch1 = [0.063 + j.\/ﬂ-(bo)-(dv_avg) IVn_punch1 = 3626.41 | kips

C

Vi_punchz := 0.126-(,/F5)- (bo)- (dy_avg) Vi punchz = 4783.77 | kips
Vn_punch = mi”(Vn_puncm aVn_punchZ) |Vn_punch = 3626.41 | kips
dy = 0.9

Vr_punch = ®v-(Vn_punch) Vr punch = 3263.77 | kips

With the factored shear resistance determined, the applied factored punching shear load will
be computed. This value is obtained by summing the loads in the piles that are outside of the
critical perimeter. As can be seen in Figure E13-1.11-2, this includes Piles 1 through 5, 6,
10,11, 15, and 16 through 20. These piles are entirely outside of the critical perimeter. If part
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of a pile is inside the critical perimeter, then only the portion of the pile load outside the critical
perimeter is used for the punching shear check, LRFD [5.13.3.6.1].

t d
col | vavg L 34 feet
2 2 12

Critical Perimeter
for Column Y
Punching Shear )

=
~
H
=

i
H
/2
L
1
Py

I P e L lwy

Column J \'(

Perimeter

Figure E13-1.11-2
Critical Perimeter for Column Punching Shear

The total applied factored shear used for the punching shear check is the sum of the piles
outside of the shear perimeter (1 through 5, 6, 10, 11, 15 and 16 through 20):

Vu_punch = maX(PU1punch_coI> F’Uzpunch_col, Pu3punch_col)

[Vu_punch = 2187.26 | kips

|vr_punch = 3263.77 | kips

Vu_punch < Vr_punch

lcheck = "OK" |

For two-way action around the maximum loaded pile, the pile critical perimeter, b, is located a
minimum of 0.5d, from the perimeter of the pile. If portions of the critical perimeter are located
off the footing, that portion of the critical perimeter is limited by the footing edge.
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Two-way action should be checked for the maximum loaded pile, The effective shear depth, d,
is the same as that used for the punching shear check for the column.

Vu2way = Pu2pjle |Vu2way = 264.2 | kips

|dv_a\,g = 33.67 | in

0.5-dy_avg = 16.84 | in

Two-way action or punching shear resistance for sections without transverse reinforcement can
then be calculated as follows:

0.126
Vp = (0.063 + ]\/f—c bo-dy < 0.126-,/T¢-bo-dy

Bo
Byx = 12.05 |
;
L HP12x53

1!_6"

Pile critical
perimeter

Figure E13-1.11-3

Pile Two-way Action Critical Perimeter

Since the critical section is outside of the footing, only include the portion of the shear
perimeter that is located within the footing:

Bxx dv_avg

Byy d
Yy v_avg .
bo_yy = 1512+ —> + ——— bo_yy = 40.73 in
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Ratio of long to short side of critical perimeter:
bO XX
Bc_pile == b—_ |Bc_pi|e =1.003 |
o_yy
bo_pile = Po_xx + bo_yy |bo_pile = 81.59 | in
0126\ - .
Vn_pilet == | 0.063 + , +[Fe:(bo_pite)-(dv_avg)  [Vn_pitlet = 969.24 | kips
c_pile
Vn_pile2 = 0-126'(\/E)'(bo_pile)'(dv_avg) |Vn_pile2 = 647.59 | kips
Vn_pile = min(Vn_piIthn_piIeZ) |Vn_pile = 647.59 | kips
d)v = 09
Vr_pile = d)v‘(Vn_pile) |Vr_pile = 582.83 | kips
|vu2Way = 264.2 | kips

Vi pile 2 Vuaway

lcheck = "OK" |

E13-1.11.3 One Way Shear Check
Design for one way shear in both the transverse and longitudinal directions.

For one way action in the pier footing, in accordance with LRFD[5.13.3.6.1] & [5.8.3.2] the
critical section is taken as the larger of:

0 := 45deg

The term d, is calculated the same as it is for the punching shear above:

Now the critical section can be calculated:
dVXX = maX(05dVXCOt(9) N dvx) dVXX = 331 7 In
dvyy := max(0.5-dyy-cot(6), dyy) dvyy = 34.17 in
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Distance from face of column to CL of pile in longitudinal and transverse directions:

fr =25 fee
army, =275 foe

Distance from face of column to outside edge of pile in longitudinal and transverse directions:

arMee-12 + Byy 3589 >d,,, design check required
XX’ B .
2
armee-12 + Bxx 33.02 <d,,, no design check required
vy’ o %
Critical Location for
One-Way Shear Y
M)
uy
|
I A B
s -ty Sl i S
| % | =1
A S T R TR
N e — A J:_._._._._._._._.l_ .......
T Bk F_ LT
|
:Ie I7 :zs Ig IO

Perimeter

|
Column J v

Figure E13-1.11-4

Critical Section for One-Way Shear

fMux X

Portion of pile outside of the critical section for one way shear in the longitudinal direction:

Byy

bXX = armxx' 12 + 7 - dvx

b= 272

inches

The load applied to the critical section will be based on the proportion of the pile located
outside of the critical section. As a conservative estimate, the maximum pile reaction will be

assumed for

all piles.
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Pu=264.2 | Kkips
Puiwayx :== Pu-5 |PU1wayx: 1320.98 | kips
bXX .
VU1iwayx = PU1wayx'B_ |Vu1wayx = 304.76 | kips
yy

The nominal shear resistance shall be calculated in accordance with LRFD [5.8.3.3] and is the
lesser of the following:

Biway = 2.0

by = Lftg- 12 inches
Vin_tway1 = 0.0316- B1way-/Tc:(by)-(dvx) Vi tway1 = 108252 | kips
Vin_1ay2 == 0.25:(fc)-(by)- (dvx) Vi tay2=8011.1 |  kips
Vin_tway = Min(Vn_1way1.Vn_1ay2) IVn_tway = 1082.52 | kips
by = 0.9

Ve 1way = dv(Vn_1way) Vr tway = 974.27 | Kips

[VU1wayx = 304.76 |  kips

Vr_1way2 Vu1wayx

lcheck = "OK" |
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E13-1.12 Final Pier Schematic

Figure E13-1.12-1 shows the final pier dimensions along with the required reinforcement in the
pier cap and column.

46'-6"
5-#10 bars
4 - #10 bars 9 - #11 bars
N Doublltla #5 Stirru&k
- . @ 8" spa. (typ.
.t z mm = -
< #5 U-bars ® .
(e} g 7)) 8
—X 1l & o 2
A SNy S
o \\\'\\.\ :l’\:t ©
o SS v = #7 bars @
y s 6" spa.
15'-6" 1
« g -
5 cE
= n
< &2
74 - #10 bars equally = §
spaced around > $ n
column perimeter **
3 |
™
23'-0"
Figure E13-1.12-1
Final Pier Design
13E1-75
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E13-2 Multi-Column Pier Design Example - LRFD
2 Span Bridge, 54W, LRFD Design

40'-0" Clear

A

.
]
]

XL

[y
V‘

5 Spa. @ 7'-6" = 37'-6"

el
“

This pier is designed for the superstructure as detailed in example E19-2. This is a two-span
prestressed girder grade separation structure. Semi-expansion bearings are located at the
abutments, and fixed bearings are used at the pier.

~I= T ot

¢ Bearing 4 C pier «—C Bearing
Abutment ——»| Abutment
L]
B 120'-0" U 120™-0" R
’ 240'-0" R

E13-2.1 Obtain Design Criteria

This multi-column pier design example is based on AASHTO LRFD Bridge Design

| Specifications, (Seventh Edition - 2015 Interim). The design methods presented
throughout the example are meant to be the most widely used in general bridge engineering
practice. Calculations are only shown for the pier cap. For example column and footing
calculations, see example E13-1.

The first design step is to identify the appropriate design criteria. This includes, but is not
limited to, defining material properties, identifying relevant superstructure information, and
determining the required pier geometry.

E13-2.1.1 Material Properties:
we := 0.150 Concrete density, kcf

July 2015 13E2-2
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fc:=35 Concrete 28-day compressive strength, ksi
LRFD [5.4.2.1 & Table C5.4.2.1-1]

fy := 60 Reinforcement strength, ksi LRFD [5.4.3 & 6.10.1.7]

Es := 29000 Modulus of Elasticity of the reinforcing steel, ksi

| Ec:=33000w.">/fc  LRFD[C5.4.2.4]

| E. = 3587 Modulus of Elasticity of the Concrete, ksi

E13-2.1.2 Reinforcing steel cover requirements (assume epoxy coated bars)

Cover dimension listed below is in accordance with LRFD [Table 5.12.3-1].

Covercap = 2.5 Concrete cover in pier cap, inches

E13-2.1.3 Relevant Superstructure Data

L :=130 design span length, feet

Wp = 42.5 out to out width of deck, feet

Wdeck := 40 clear width of deck, feet

wp := 0.387 weight of Wisconsin Type LF parapet, kif

ts:=8 slab thickness, inches

thaunch == 4 haunch thickness, inches

skew =0 skew angle, degrees

S=75 girder spacing, ft

ng :=6 number of girders

DOH := Wp - (ng-1)S deck overhang length feet
2

Wi = 48 width of 54W girder top flange, inches

tyf == thickness of 54W girder top flange, inches

July 2015 13E2-3
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2.5
tfsiope = === slope of bottom surface tfsope = 0.12 feet per foot
20.75 of top flange
girdery := 54 height of 54W girder, inches

E13-2.1.4 Select Optimum Pier Type

Selecting the most optimal pier type depends on site conditions, cost considerations,
superstructure geometry, and aesthetics. The most common pier types are single column
(i.e., "hammerhead"), solid wall type, and bent type (multi-column or pile bent). For this
design example, a multi-column pier was chosen.

E13-2.1.5 Select Preliminary Pier Dimensions

Since the Specifications do not have standards regarding maximum or minimum dimensions fol
a pier cap, column, or footing, the designer should base the preliminary pier dimensions on
state specific standards, previous designs, and past experience. The pier cap, however, must
be wide enough to accommodate the bearing.

cap_ :=41.5 overall cap length, ft

capy = 4.0 pier cap height, ft

capy := 3.5 pier cap width, ft

Colgpa := 18.25 column spacing, ft

colg := 3 column depth (perpendicular to pier CL), ft
coly:=4 column width (parallel to pier CL), ft

coly := 18 column height, ft

capoH = 2.5 pier cap overhang dimension, ft

July 2015 13E2-4
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| Figures E13-2.1-1 and E13-2.1-2 show the preliminary dimensions selected for this pier design
example.
P 41]_6" 5
7I_6II
2!_0"4_»{
S | | | | |
< ! | ! | !
| I I l |
A
I I !
V{ ] ] |
: : : | 72!_6"
| | |
_ | 4|_0|| | |
o | | |
% | | |
| | I
| | I
| | I
| | |
Y .
Y T T J
v : : !
P I 1 n I I
Q@ 18'-3 9'-0"
™ k—» < -
Figure E13-2.1-1
Preliminary Pier Dimensions - Front Elevation
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3-6"

4-0"

|

3-0"

18'-0"

9-0"

Figure E13-2.1-2
Preliminary Pier Dimensions - End Elevation
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E13-2.2 Loads

wg := 0.831 weight of 54W girder, kif
ts-S . .
Wdeck_int = wc-z weight of deck slab (int), klf |Wdeck_int - 0.75 |
Wif —
OH := DOH - —— deck overhang projection, ft [OH = 0.5
512 g proj

weight of deck slab (ext), KkIf

t S 1 thaunch + ttf

s
w = We| —| = + DOH | + = (OH):| "= _ OH-tfgjope’ =
deck_ext c {12 (2 ) > (OH) ( 5 slope’s

12

|Wdeck_ext = 0.63 |

weight of haunch, klf

thaunch: Wif
o = 22

12

kIf

kIf

kIf

Wdiaph_int = 0.410  weight of diaphragms on interior girder (assume 2), kips

Wgiaph_ext = 0.205 weight of diaphragms on exterior girder, kips
Wyys := 0.020 future wearing surface, ksf
wp := 0.387 weight of each parapet, kif

weight of concrete diaphragm between exterior girders

girdery

2
12 diaph

Wdiaph = Wc:
weight of cap
E13-2.2.1 Superstructure Dead Loads

DC Loads and Reactions

Interior DC1,DC2 and DW Loads

WDC1_int := Wg + Wdeck_int * Wh + Wdiaph_int Wpc1 int = 2.19

kIf

kIf

kIf

July 2015
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2-wp
wocz = =2 o
ng
Wws' Wdeck
oy - ek r
ng
Interior DC and DW Reactions
1 5 .
Rpci = (E'L'WD01_int+ E'L'WDCZ)Z |RDCi = 305.79 | kips
5 .
Rpwi = (E-L.WDW)-z [Rowi = 21.67 | kips

Exterior DC1 Loads

WDC1_ext = Wg + Wdeck_ext T Wh + Wdiaph_ext WpC1_ext = 1.86 kif

Note: DC2 and DW loads are the same for interior and exterior girders.

Exterior DC and DW Reactions

1 5 .
Rpce = (E'L’WDCLext"’ E’L'WDCZ)Z [Roce = 262.98 | kips

5 .
Rpwe = (E'L'WDW)'Z |RDWe = 21.67 | kips

The unfactored dead load reactions are listed below:

Unfactored Girder Reactions (kips)
Girder # DC DW
1 263.0 21.7
2 305.8 21.7
3 305.8 21.7
4 305.8 21.7
5 305.8 21.7
6 263.0 21.7

Table E13-2.2-1
Unfactored Girder Dead Load Reactions

July 2015 13E2-8
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E13-2.2.2 Live Load Reactions per Design Lane
From girder line analysis, the following pier unfactored live load reactions are obtained:
TruckPair := 125.64  Kips per design lane

Lane := 103.94 kips per design lane
DLA :=1.33 dynamic load allowance
These loads are per design lane and do not include dynamic load allowance. The pier

reactions are controlled by the 90% (Truck Pair + Lane) loading condition. The resulting
combined live load reactions per design lane (including dynamic load allowance) are:

R_LLpesLane := 0.90-(TruckPair-DLA + Lane) |R_LLDes|_ane = 243.94 | kips

The resulting wheel loads are:

0.90- TruckPair-DLA .
RiLw = > RiLw = 75.2 kips per wheel

|R|_|_|ane =9.35 | kips per foot

E13-2.2.3 Superstructure Live Load Reactions

For the pier in this design example, the maximum live load effects in the pier cap, column and
footing are based on either one, two or three lanes loaded (whichever results in the worst force
effect). The lanes are moved across the deck to create the envelope of force effects. The
following figures illustrate the lane locations loaded to determine the maximum positive and
negative moments as well as the maximum shear force effects in the pier cap.

July 2015 13E2-9
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46" < »3-0"
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20"
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Figure E13-2.2-1

Lane Locations for Maximum Positive Moment

oo

DEOD

2'-0" | i
| |
18|'3" ' !4 2"6"
<—j—>74'-0" I
Figure E13-2.2-2
Lane Locations for Maximum Negative Moment
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Figure E13-2.2-3
Lane Locations for Maximum Shear

2'-6"

4-0"

—‘_\—._.]r._ S—.

The next step is to compute the reactions due to the above loads at each of the six bearing
locations. This is generally carried out by assuming the deck is pinned (i.e., discontinuous) at
the interior girder locations but continuous over the exterior girders. Solving for the reactions is
then elementary. The computations for the reactions for maximum moment with only 2 lanes
loaded are illustrated below as an example. All reactions shown are in kips.

mo == 1.0 Multi-presence factor for two lanes loaded
6.0 7.5

Rl|_|_ =My RLLW ﬁ + RLLIane' 0.5+ T Rl|_|_ =99.91
15

R2. | = my: R|_|_W (ﬁ +1+ —j + R Ljane (7 5)} [R2L = 195.49 |
4.0+5.0 7.5 5.25

R3. L == my- R|_|_W + R\ Liane" - 4.5-? [R3L = 154.78 |

2. 2.25

— | +R 45 —— R4, = 37.69
7 j LLIane’ 7.5} LL

ol

R4 == my- RLLW

S5
[

ol

July 2015 13E2-11
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E13-2.3 Unfactored Force Effects

The resulting unfactored force effects for the load cases shown above are shown in the table
below. Note that the maximum shear and negative moment values are taken at the face of the

column.
Unfactored Force Effects
Effect DC DW LL
Maximum Positive Moment 943.1 62.17 628.4
Maximum Negative Moment -585.6 -39.03 -218.9
Maximum Shear 429.2 28.53 228.3
(Corresponding Moment) -585.6 -39.03 -119.3

Table E13-2.3-1
Unfactored Force Effects

E13-2.4 Load Factors
From LRFD [Table 3.4.11]:

DC DW LL
~NsStpe = 1.25 ~stpw = 1.50 ~st L= 1.75
~NSlpc = 1.0 ~Slpw = 1.0 ~sl =10

E13-2.5 Combined Force Effects

The resulting factored Service and Strength force effects for the load cases previously
illustrated are shown in the tables below. The full Service and Strength factored moment and
shear envelopes are shown in the following graphs.

Factored Senice Force Effects
Effect DC DwW LL Total
Maximum Positive Moment 943.1 62.2 628.4 1633.7
Maximum Negative Moment -585.6 -39.0 -218.9 -843.5
Maximum Shear 429.2 28.5 228.3 686.0
(Corresponding Moment) -585.6 -39.0 -119.3 -743.9

Table E13-2.5-1
Factored Service Force Effects

Factored Strength Force Effects
Effect DC DW LL Total
Maximum Positive Moment 1178.9 93.3 1099.7 2371.8
Maximum Negative Moment -732.0 -58.5 -383.1| -1173.6
Maximum Shear 536.5 42.8 399.5 978.8
(Corresponding Moment) -732.0 -58.5 -208.8 -999.3

Table E13-2.5-2

Factored Strength | Force Effects
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E13-2.6 Pier Cap Design

Calculate positive and negative moment requirements.

E13-2.6.1 Positive Moment Capacity Between Columns

It is assumed that there will be two layers of positive moment reinforcement. Therefore the
effective depth of the section at the pier is:

cover := 2.5 in

In accordance with LRFD [5.10.3.1.3] the minimum clear space between the bars in layers is
one inch or the nominal diameter of the bars.

Spaclear = 175 In

barstirrup := 5 (transverse bar size)

|BafD(bafstirrup) = 0.63 | in (transverse bar diameter)

BarNo_pos = 9

[Barp(Barnog pos) = 1.13 | in (Assumed bar size)

SPaclear
de = capy- 12 — cover — Barp(barsirup) — Barp(Barne_pos) —

N

e = 42.87 in

For flexure in non-prestressed concrete, ¢ := 0.9.
The width of the cap:

i i
|

by, := capyy- 12 w = 42 in
[Mupos = 2372 | Kip-ft
Mugos- 12 :
Ry = —2 " > Ry = 0.4097 ksi
o by de
f' 2-Ry
p:=085—-|1- [1- p = 0.00738
fy 0.85-f'¢
As = p-byde As = 13.28 in

This requires  Npars pos = 14 bars. Use npars pos1:= 9  bars in the bottom layer and
Nbars_pos2 = 5 bars in the top layer. Check spacing requirements.

bw — 2:(cover + Barp (barsirup)) — Barp(Barng_pos)

spa =
Pépos Npars_pos1 — 1

Ispapos = 4.33 | in
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clearspa := SPapos — Barp(Barng_pos) cleargpa = 3.2 in

The minimum clear spacing is equal to 1.5 times the maximum aggregate size of 1.5 inches.

Spamin := 1.5-1.5 [spamin = 2.25 | in
| IS spamin < clearsps ? [check = "OK" |
ASprov_pos = BarA(BarNo_pos)'nbars_pos |A5prov_pos =14 | in
| LRFD [5.7.2.2] ag = 085  (for fc<10.0 ksi)
Asprov_posfy .
| ag-by e
Mngos = A o[ de - 2.2
Npos ‘= ASprov_pos'ly*| de — PRT |anos — 2766 | kip-ft
Mrpos == - MNpos Mrpos = 2489 kip-ft
IS MUDOS S MrpOs’) |CheCk = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

(capw-12)-(capy- 12)2

Scap = 6 Scap = 16128 in3
fr = 0.24-[f¢ f, = 0.45 ksi

Mgy = 13(~{1~fr)scap therefore, Mg, = 1-1(fr)5cap

Where:

~1 := 1.6 flexural cracking variability factor

~3 := 0.67 ratio of yield strength to ultimate tensile strength of the reinforcement
for A615, Grade 60 reinforcement

1

Mcr = 11erCapE Mcr = 664 klp‘ft

1.33-Mupgs = 3155 | Kip-ft
| p |

Is Mrpos greater than the lesser value of Mgy and 1.33-Mupos? [check = "OK" |
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Check the Service | crack control requirements in accordance with LRFD [5.7.3.4]:
As
p = — P8 p = 0.00778
bw'de
Es
n := floor| —
EC n= 8
k= (pmZ+2pn-pn
_ Kk
=1k

Barp(Barno_pos)

dc := cover + Barp (barstirryp) + > dc = 3.69 in
: MSpos <06 f Ksi =06f, OK

fg = e T 12 <0.6f, fs = 36.24 | ksi approx.=0.6f, O.K.

prov_pos e
The height of the section, h, is:
h := capy-12 h =48 in

dc 5

g 0.7-(h - d¢) &
e = 1.0 for Class 1 exposure condition

700 ,
Smax = ° - 2dC Smax = 989 18}

*ls
| IS Spapos < Smax? [check = "OK" |

E13-2.6.2 Positive Moment Reinforcement Cut Off Location

Terminate the top row of bars where bottom row of reinforcement satisfies the moment diagran

spa’ := spapes spa’ = 4.33 in
ASI = BarA(BarNo_pos)'nbars_posl ASI = 9 |n2
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| LRFD [5.7.2.2] (for f¢ < 10.0 ksi)

| a' = —_— "= 432 in
OL]_ bw'flc

i
|

Barp(Barno_pos)

de' := capy-12 — cover - BarD(barstirrup) -

2
n
My = 1707 |

My = s Mpy Mp = 1707 kip-ft

Based on the moment diagram, try locating the first cut off at cutpos := 10.7 feet from the CL
of the left column. Note that the Service | crack control requirements control the location of the

cut off.
My = 1707 Kip-ft
[Mucy = 1538 | kip-ft
Mscyry = 1051 | kip-ft
IS Mugyty < My ? [check = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

Mcr = 664 klp'ft

|1.33-Mugyyy = 2045 | kip-ft

Is My greater than the lesser value of M, and 1.33-Mugyt1? [check = "OK" |

Check the Service | crack control requirements in accordance with LRFD [5.7.3.4]:
As'

"= '=0.00484
p by do: p
k‘ = \/(p'.n)2+2.p'.n_p'.n k‘2024
k' -
f=1-3 j =0.92
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[Mscy1 = 1051 | Kip-ft
(oo Mt g6t f-—3439 | ksi <0.6f OK
7 AS' - dg - > -y
B=112
Ye=1
700~ i
max' = © - 'dc |Smax' = 1081 | In
B-fs

Is spa’' < Spax?

fpr=a3] in

Icheck = "OK" |

The bars shall be extended past this cut off point for a distance not less than the following,

LRFD [5.11.1.2.1]:

|15-Barp(Barno _pos) = 16.92

Colspa‘ 12
20

=10.95

BarExtendpos = 44.31

The bars also must be extended past the point required for flexure the development length of
the bar. From Chapter 9, Table 9.9-1, the development length for an epoxy coated number

bar with spacing less than 6-inches, is:

lg o := 5.083

ft

CUtpos +

BarExtendpos

= 14.39

0.4-colspg + Iy 9 = 12.38 |

Similar calculations show that the second layer bottom mat bars can also be terminated at a
distance of 2.0 feet from the CL of the left column. At least one quarter of the bars shall be

extended past the centerline of the support for continuous spans. Therefore, run the bottom
layer bars to the end of the cap.

July 2015
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E13-2.6.3 Negative Moment Capacity at Face of Column

It is assumed that there will be one layer of negative moment reinforcement. Therefore the
effective depth of the section at the pier is:

cover = 2.5 in

barstirrup = 5 (transverse bar size)

|BarD(barstirrup) =0.63 | in (transverse bar diameter)

BarNo_neg =8

|BarD(BarNo_neg) =1.00 | in  (Assumed bar size)

Barp(Barno neg)
2

de_neg = Capn-12 — cover — Barp(barstirrup) -

|de_neg = 44.38 | in

For flexure in non-prestressed concrete, |df = 0.9 |

The width of the cap:

n

Mupeg = -1174 | kip-ft
RU neg = |Ru neg =0.1892 | ks'
pa— 2 p—
o by de_neg
085 %1 [1 o ZRune [Preg = 0.00326 |
Preg = B2 0.85-f¢ Pneg = =
As_neg = Pneg'bw‘de_neg |As_neg =6.08 | in
This requires  npars neg:= 9 bars. Check spacing requirements.
bw — 2:(cover + Barp (barstirrup)) — Barp(Barne neg)
Spaneg =
Npars_neg — 1
|Spaneg = 434 | |n
Clearspa_neg = Spaneg - BarD(BarNo_neg) |C|earspa_neg = 334 | |n
IS Spam|n < Clearspa_nego |CheCk = "OK" |
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ASprov_neg = BarA(BarNo_neg)‘nbars_neg |A3pr0v_neg = 7.07 | in?
| LRFD [5.7.2.2] ap =085 (for fc<10.0 ksi)

Asprov_neg'fy

Aneg | 1 )
Mnneg := ASprov_neg'fy (de_neg - TJE [Mnpeq = 1508 | Kip-ft
Kip-ft
kip-ft
Muneg = 1174 | P
IS MUneg < Mrneg’) |CheCk = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

|1.33-Mupeg = 1561 | kip-ft

Is Mrheg greater than the lesser value of My and 1.33-Mupeg? |check ="OK" |

Check the Service | crack control requirements in accordance with LRFD [5.7.3.4]:

As
prov_neg
Preg = ~——— |pneg = 0.00379 |
bw de_neg
n=2_8
2
kneg = \/(pneg.n) + Z'pneg'n - pneg‘n kneg = 022
. Kneg :
Jneg =1- 3 Jneg =0.93

Barp(Barno neg)
2

dc_neg = cover + BarD(barStlrrup) +

[dc neg =363 | in

fs_neg = 12 <0.6 fy fs_neg =348 ksi <0.6 fy O.K.

ASprov_neg‘ineg-de neg

h = in

I
(o]

The height of the section, h, is:
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de neg
Bneg =1+ = Bheg = 1.12
g 07(h - dc_neg) g
e = 1.0 for Class 1 exposure condition
700~e .
Smax_neg = ———— — 2:d¢_neg |Smax_neg - 10.76 | in
Bneg'fs_neg
IS spaneg < Smax_neg? [check = "OK" |

E13-2.6.4 Negative Moment Reinforcement Cut Off Location

Cut 4 bars where the remaining 5 bars satisfy the moment diagram.

Nbars_neg' ‘=

Spa'neg = SPaneg: 2 |Spa'neg = 8.69 | in
AS'neg = BarA(Ba"No_neg)'nbars_neg' AS'neg = 3.93 in2
| LRFD [5.7.2.2] ap =085 (for fc< 10.0 ksi)
AS'neg-fy .
| neg OL]_ bW f'C neg
lde_neq = 44.38 | in
. aneg)| 1 _
Mp' neg == As neg'fy'(de_neg - jE |Mn'_neg = 853 | kip-ft
My neg = ¢ Mn'_neg |Mr'_neg = 768 | kip-ft

Based on the moment diagram, try locating the cut off at cutpeq := 15.3 feet from the CL of

the left column. Note that the Service | crack control requirements control the location of the
cut off.
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My neg = 768 kip-ft
Muneg_cut = 577 | kip-ft
Msneq_cut = 381 | kip-ft
IS MUpeg_cut < My neg? [check = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

Mcr = 664 klp‘ft

Is Mp neg greater than the lesser value of Mg, and 1.33-Mupeg cut? [check = "OK" |

Check the Service | crack control requirements in accordance with LRFD [5.7.3.4]:

AS'neg
neg = T "neg = 0.00211
P neg by de_neg |P neg |
, : 2 ' : :
k neg = \/(p nEQIn) + 2p neg'n - p neg‘n k neg =0.17
. K'neg i
J'neg =1- 3 J|neg = 0.94
|MSneg_Cu’[ = 381 | klp‘ft
MSneg_cut .
fs' neg = AS 12 <061, |fs'_neg =27.79 | ksi <0.6f, OK.
neg'Jneg-Ye neg
Bneg = 112
Ye =1
700e '
Smax'_neg = f - 2'dc_neg |Smax'_neg =15.30 | in
Bneg‘ s'_neg
|spa‘neg = 8.69 | in
| s spaheg < Smax neg? [check = "OK" |

The bars shall be extended past this cut off point for a distance not less than the following,
LRFD [5.11.1.2.3]:
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|de_neg = 4438 | |n
|[12-Barp(Barno_neg) = 12 | in
lspa — COly)- 12 i
(colspa—coln} 12 o "
16

BarExtendneg = 44.38 | in

These bars also must be extended past the point required for flexure the development length
of the bar. From Chapter 9, Table 9.9-1, the development length for an epoxy coated number

"top" bar with spacing greater than 6-inches, is:

Iy 8:=3.25 ft

The cut off location is determined by the following:

BarExtend
col

Therefore, the cut off location is located at the following distance from the CL of the left column:

Cutoff|ocation = 116 | ft

By inspection, the remaining top mat reinforcement is adequate over the exterior columns. The
inside face of the exterior column is located at:

coly, 1

Colface = —— COlface = 0.11 % along cap
2 COlspa
|Munegative(C0|face) = —37837 | klp‘ft
|M5negative(00|face) =-229.74 | kip-ft
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E13-2.6.5 Shear Capacity at Face of Center Column

ps
The Factored Shear Resistance, V,
Vi = ¢v(Vn)
oy :=0.9
V,, is determined as the lesser of the following equations, LRFD [5.8.3.3]:
Vh1= Ve + Vs +Vp

Vn2 = 025f'c bv‘ dV + Vp

V., the shear resistance due to concrete (kip), is calculated as follows:
Ve = 0.0316-8:/fc-by-dy

Where:
b, = effective web width (in) taken as the minimum section width within the depth d,

d, = effective shear depth (in), the distance, measured perpendicular to the neutral

axis between the resultants of the tensile and compressive force due to flexure.
It need not be taken less than the greater of 0.9d, or 0.72h

by = capyy-12 in

|de_neg = 4438 | |n
n
Aneg ]
dv_neg == de_neg — 5 |dv_neg = 42.68 | in

[0.9-de_neg = 39.94 | in

in 0.72-h = 34.56 | in
Therefore, use |dy = 42.68 | in for V_ calculation.

B:=20 Factor indicating ability of diagonally cracked concrete to transmit tension.
For nonprestressed sections, § = 2.0, LRFD [5.8.3.4.1].

V¢ := 0.0316- B-/Tc-by-dy Ve = 211.94 kips

V, , the shear resistance due to steel (kips), is calculated as follows:

_ Ay-fy-dy-(cot(8) + cot(a))-sin(a)
s =

S]

July 2015 13E2-25



‘!“"‘ I.'.OJ'(%

s Ayt WisDOT Bridge Manual Chapter 13 — Piers
)

Where:
s = spacing of stirrups (in)
0 = angle of inclination of diagonal compressive stresses (deg)
o = angle of inclination of transverse reinforcement to longitudinal axis (deg)
s:=5 in
0 := 45deg  for non prestress members
o :=90deg for vertical stirrups

A, = (# of stirrup legs)(area of stirrup)

barstirrup = 5

StirrupConfig := "Triple"

[stirrupiegs = 6 |

Ay = stirmupjegs: (Bara(barstrup)) in2

Ay-fy-dy-(cot(0) + cot(a))-sin(a)

Vs s Ve = 942.74 kips

% the component of the effective prestressing force in the direction of the applied shear:

Vp =0 for non prestressed members

V,, is the lesser of:

Vn1 = Ve + Vs + Vp |vn1 = 1154.67 | kips

Vn2 = 0.25-f¢-by-dy + Vp |vnz = 1568.41 | kips

Therefore, use: V,, = 1154.67 kips
Vu = 978.82 kips

IS Vu < V,? [check = "OK" |
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Check the Minimum Transverse Reinforcement, LRFD [5.8.2.5]

Required area of transverse steel:

\/fTC' bV'S

AvVpin == 0.0316- . AVpin = 0.21 in2
y
A, = 1.84 in
Is Avpin < Ay (provided area of steel)? [check = "OK" |

Check the Maximum Spacing of the Transverse Reinforcement, LRFD [5.8.2.7]
If v,<0.125f', then: Smay = 0.8-dy < 24in"

If v, > or =0.125f , then:  spay := 0.4-dy < 12in"

The shear stress on the concrete, v, is taken to be:

Vu .
V= —— -v =0.61 ksi
U dyby-dy [vu =061]

0.125-f = 0.44 | Ksi

Smax = 12 in

!I

S = in

Is the spacing provided s < Smay? [check = "OK" |

Similar calculations are used to determine the required stirrup spacing for the remainder of the

cap.
Sp =12 in S3="6 in
|StirrupConfig, = "Double” |StirrupConfigz = "Double”
kips kips
[V 2 =408.94 | [Vr 3= 627.13 | kips

kips

It should be noted that the required stirrup spacing is typically provided for a distance equal to
the cap depth past the CL of the girder. Consideration should also be given to minimize the
number of stirrup spacing changes where practical. These procedures result in additional
capacity in the pier cap that is often beneficial for potential future rehabilitation work on the
structure.
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E13-2.6.6 Temperature and Shrinkage Steel
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Chapter 13 — Piers

Temperature and shrinkage steel shall be provided on each face and in each direction as

calculated below. LRFD [5.10.8]

b = capy-12
1.30-b-h
AStS T E—
2-(b +h)-fy

Is the area required Asig between 0.11 and 0.60 in? per foot?

Use number 5 bars at one foot spacing:

E13-2.6.7 Skin Reinforcement

"
capy = 4 ft
in
in

o||T
I I
BlID
QN

Asts = 0.24 | in?/ftin each face

[check = "OK" |

|BarA(5) = 0.31 | in2/ft in each face

If the effective depth, d,, of the reinforced concrete member exceeds 3 ft., longitudinal skin

reinforcement is uniformly distributed along both side faces of the component for a distance of
de/2 nearest the flexural tension reinforcement, LRFD [5.7.3.4]. The area of skin

reinforcement (in2/ft of height) on each side of the face is required to satisfy:

d
| Agk = 0.012(de - 30) and Ask-(z—;zj need not exceed (Ag/4)

Where:

(For positive moment region)

A, = area of skin reinforcement (in?/ft)

A, = area of tensile reinforcement (in2) As=13.28 | in?

d, = flexural depth taken as the distance from the compression face to the centroid
of the steel, positive moment region (in) [de = 42.87 | In

Ask1 = 0.15 in2/ft

Ask1 = 0.012-(de - 30)

de
Ack1 = Ask1- Ask1 = 0.28 in
skl skl (2.12j skl
A
Asko == TS Ackr = 3.32 in2

(areareq'd. per face
Aface = min(AsklsASKZ) within de/2 from tension Aface = 0.28 in2

reinf.)

d
spa_maxgk = min(?e , 12] lspa_maxs = 7.15 | i

Use number 5 bars at 6" spacing:

[Bara(5)-2=0.61 | in? > Aace
(provides 2 bars within de/2 from tension reinf.)
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| Preceding calculations looked at skin reinforcement requirements in the positive moment
region. For the negative moment region, #5 bars at 6" will also meet its requirements.

E13-2.7 Reinforcement Summary

41'-6"

Triple

11'-3" 7-0" ;
4—4 #5 Stirrups
5 5-#8 bars @ 5" spa
= / 9-#8 bars - >

A L4 ¥

. 5'-9+
5-#9 bars j e > >
9-#9 bars I
Double

14-6 3-9 '1:' #5 Stirrups
@ 6" spa

2'-6"

Figure E13-2.7-1
Cap Reinforcement - Elevation View

| O-#8 Bars

. o Double or Triple
5 o #5 Stirrups
o
_q- o /
2 147 I | #5 bars @ 6" O.C.
C

— (typ - side faces)

~
~—
<
©
N
I

" 549 Bars
,\ 9-#9 Bars

134" clearﬂ

Figure E13-2.7-2
Cap Reinforcement - Section View
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