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2.1 Organizational Charts

DIVISION OF
TRANSPORTATION SYSTEM
DEVELOPMENT
STATEWIDE REGIONAL
BUREAUS OPERATIONS
BUREAU OF EQUITY & SOUTHWEST
ENVIRONMENTAL SERVICES REGION
BUREAU OF HIGHWAY SOUTHEAST
OPERATIONS REGION
BUREAU OF PROJECT NORTHEAST
DEVELOPMENT REGION
] BUREAU OF NORTH CENTRAL
STRUCTURES REGION
BUREAU OF TECHNICAL NORTHWEST
SERVICES REGION
Figure 2.1-1

Division of Transportation System Development
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Figure 2.1-2

Bureau of Structures
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5.1 Factors Governing Bridge Costs

Bridge costs are tabulated based on the bids received for all bridges let to contract. While
these costs indicate some trends, they do not reflect all the factors that affect the final bridge
cost. Each bridge has its own conditions which affect the cost at the time a contract is let.
Some factors governing bridge costs are:

1. Location - rural or urban, or remote regions

2. Type of crossing

3. Type of superstructure

4. Skew of bridge

5. Bridge on horizontal curve

6. Type of foundation

7. Type and height of piers

8. Depth and velocity of water

9. Type of abutment

10. Ease of falsework erection

11. Need for special equipment

12. Need for maintaining traffic during construction

13. Limit on construction time

14. Complex forming costs and design details

15. Span arrangements, beam spacing, etc.

Figure 5.2-1 shows the economic span lengths of various type structures based on average
conditions. Refer to Chapter 17 for discussion on selecting the type of superstructure.

Annual unit bridge costs are included in this chapter. The area of bridge is from back to back
of abutments and out to out of the concrete superstructure. Costs are based only on the
bridges let to contract during the period. In using these cost reports exercise care when a
small number of bridges are reported as these costs may not be representative.

In these reports prestressed girder costs are grouped together because there is a small cost
difference between girder sizes. Refer to unit costs. Concrete slab costs are also grouped
together for this reason.
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No costs are shown for rolled steel sections as these structures are not built very often.
They have been replaced with prestressed girders which are usually more economical. The
cost of plate girders is used to estimate rolled section costs.

For structures over a railroad, use the costs of grade separation structures. Costs vary
considerably for railroad structures over a highway due to different railroad specifications.

Note: Current costs are given in English units.
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5.2 Economic Span Lengths

feet 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

TYPE OF
STRUCTURE

MULTIPLE BOX
CULVERTS

—
—

FLAT CONCRETE
SLABS

CONCRETE RIGID
FRAMES

12-33" PREST.
SLABS

28" PREST.
GIRDER

36" PREST.
GIRDER

45W" PREST.
GIRDER

54W" PREST.
GIRDER
72W" PREST.

GIRDER

82W" PREST.

GIRDER *

STEEL W SHAPE

BEAMS —
STEEL PLATE
GIRDERS

*Currently there is a moratorium on the use of 82W" prestressed girders in Wisconsin

i
!

Figure 5.2-1
Economic Span Lengths
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5.3 Contract Unit Bid Prices

Item No. Bid Item Unit Cost
206.6010.S Temporary Shoring LS --
210.0100 Backfill Structure CY 14.13
303.0115 Pit Run CY 9.63
311.0115 Breaker Run CY 16.95
502.0100 Concrete Masonry Bridges CY 418.25
502.1100 Concrete Masonry Seal CY 144.70
502.2000 Compression Joint Sealer Preformed Elastomeric (width) LF 45.00
502.3100 Expansion Device (structure) (LS) LF 118.25
502.3110.S Expansion Device Modular (structure) (LS) LF 177.00
502.3200 Protective Surface Treatment SY 2.34
502.6500 Protective Coating Clear GAL 57.50
503.0128 Prestressed Girder Type | 28-Inch LF 123.50
503.0136 Prestressed Girder Type | 36-Inch LF 124.43
503.0137 Prestressed Girders Type | 36W-Inch LF 166.00
503.0145 Prestressed Girder Type | 45-Inch LF 139.00
503.0146 Prestressed Girders Type | 45W-Inch LF 149.63
503.0154 Prestressed Girder Type | 54-Inch LF 184.00
503.0155 Prestressed Girder Type | 54W-Inch LF 157.25
503.0170 Prestressed Girder Type | 70-Inch LF 163.79
503.0172 Prestressed Girders Type | 72W-Inch LF 178.19
503.0182 Prestressed Girder Type | 82W-Inch LF 185.00
504.0100 Concrete Masonry Culverts CY 441.10
504.0500 Concrete Masonry Retaining Walls CY 366.75
505.0405 Bar Steel Reinforcement HS Bridges LB 0.70
506.2605 Bar Steel Reinforcement HS Culverts LB 0.77
506.2610 Bar Steel Reinforcement HS Retaining Walls LB 0.57
506.3005 Bar Steel Reinforcement HS Coated Bridges LB 0.69
506.3010 Bar Steel Reinforcement HS Coated Culverts LB 0.77
506.3015 Bar Steel Reinforcement HS Coated Retaining Walls LB 0.67
506.0105 Structural Carbon Steel LB 1.62
506.0605 Structural Steel HS LB 1.42
506.2605 Bearing Pads Elastomeric Non-Laminated EACH 74.95
506.2610 Bearing Pads Elastomeric Laminated EACH 1,075.00
506.3005 Welded Shear Stud Connectors 7/8 x 4-Inch EACH 2.77
506.3010 Welded Shear Stud Connectors 7/8 x 5-Inch EACH 5.42
506.3015 Welded Shear Stud Connectors 7/8 x 6-Inch EACH 3.32
506.3020 Welded Shear Stud Connectors 7/8 x 7-Inch EACH 3.18
506.3025 Welded Shear Stud Connectors 7/8 x 8-Inch EACH 3.10
506.4000 Steel Diaphragms (structure) EACH 511.45
506.5000 Bearing Assemblies Fixed (structure) EACH 1,308.00
506.6000 Bearing Assemblies Expansion (structure) EACH 1190.00
507.0200 Treated Lumber and Timber MBM 6225.00
508.1600 Piling Treated Timber Delivered LF 20.00
510.2005 Preboring Cast-in-Place Concrete Piling LF 75.00
510.3021 Piling CIP Concrete Delivered and Driven 10 % x 0.219- LF 31.30
Inch

January 2011 5-5



pBC0Ng,

§@'§ WisDOT Bridge Manual Chapter 5 — Economics and Costs

Yo

510.3030 Piling CIP Concrete Delivered and Driven 10 % x 0.25- LF 30.89
Inch
510.3040 Piling CIP Concrete Delivered and Driven 10 % x 0.365- LF 33.40
Inch
510.3050 Piling CIP Concrete Delivered and Driven 10 % x 0.5- LF --
Inch
510.3023 Piling CIP Concrete Delivered and Driven 12 % x 0.219- LF 29.00
Inch
510.3033 Piling CIP Concrete Delivered and Driven 12 % x 0.25- LF 3291
Inch
510.3043 Piling CIP Concrete Delivered and Driven 12 % x 0.375- LF 39.55
Inch
510.3053 Piling CIP Concrete Delivered and Driven 12 % x 0.5- LF 50.00
Inch
510.3024 Piling CIP Concrete Delivered and Driven 14 x 0.219- LF --
Inch
510.3034 Piling CIP Concrete Delivered and Driven 14 x 0.25-Inch LF 33.94
510.3044 Piling CIP Concrete Delivered and Driven 14 x 0.375- LF 43.85
Inch
510.3054 Piling CIP Concrete Delivered and Driven 14 x 0.5-Inch LF 35.00
510.3026 Piling CIP Concrete Delivered and Driven 16 x 0.219- LF --
Inch
510.3036 Piling CIP Concrete Delivered and Driven 16 x 0.25-Inch LF --
510.3046 Piling CIP Concrete Delivered and Driven 16 x 0.375- LF --
Inch
510.3056 Piling CIP Concrete Delivered and Driven 16 x 0.5-Inch LF 56.60
511.2105 Piling Steel Delivered and Driven HP 10-Inch x 42 LB LF 28.45
511.2110 Piling Steel Delivered and Driven HP 12-Inch x 53 LB LF 32.34
511.2115 Piling Steel Delivered and Driven HP 12-Inch x 74 LB LF 38.77
511.2120 Piling Steel Delivered and Driven HP 14-Inch x 73 LB LF 36.90
511.3000 Pile Points EACH 90.82
511.6000 Piling Steel Preboring LF 151.50
512.1000 Piling Steel Sheet Temporary SF 20.00
513.4050 Railing Tubular Type F (structure) (LS) LF 95.00
513.4052 or 3 Railing Tubular Type F- (4 or 5) Modified (structure) (LS) LF 133.00
513.4055 Railing Tubular Type H (structure) (LS) LF 98.10
513.4060 Railing Tubular Type M (structure) (LS) LF 148.60
513.4065 Railing Tubular Type PF (structure) (LS) LF --
513.4090 Railing Tubular Screening Structure B- LF 102.20
513.7050 Railing Type W Structure B- LF 126.50
00000 Concrete Railing, “Texas Rail” LF 158.75
00000 Concrete Parapet, Type ‘LF’' & ‘A’ (estimate) LF 80.00
513.7005 Railing Steel Type C1 (structure) (LS) LF 153.50
513.7010 Railing Steel Type C2 (structure) (LS) LF 113.30
513.7015 Railing Steel Type C3 (structure) (LS) LF 79.10
513.7020 Railing Steel Type C4 (structure) (LS) LF --
513.7025 Railing Steel Type C5 (structure) (LS) LF 102.70
513.7030 Railing Steel Type C6 (structure) (LS) LF 80.00
514.0445 Floor Drains Type GC EACH 1695.00
514.2625 Downspouts 6-Inch LF --
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516.0500 Rubberized Membrane Waterproofing SY 25.42
517.1010.S Concrete Staining SF 1.25
517.1015.S Concrete Staining Multi-Color SF 2.10
517.1050.S Architectural Surface Treatment SF 3.50
604.0400 Slope Paving Concrete SY 53.00
604.0500 Slope Paving Crushed Aggregate SY 17.00
604.0600 Slope Paving Select Crushed Material SY 17.00
606.0100 Riprap Light CY 45.00
606.0200 Riprap Medium CY 51.00
606.0300 Riprap Heavy CY 45.00
606.0500 Grouted Riprap Light CY 60.00
606.0600 Grouted Riprap Medium CY 101.96
606.0700 Grouted Riprap Heavy CY 58.60
612.0106 Pipe Underdrain 6-Inch LF 5.37
612.0206 Pipe Underdrain Unperforated 6-Inch LF 8.75
612.0406 Pipe Underdrain Wrapped 6-Inch LF 7.25
616.0205 Fence Chain Link 5-FT LF 39.12
616.0206 Fence Chain Link 6-FT LF 47.92
616.0208 Fence Chain Link 8-FT LF -
645.0105 Geotextile Fabric Type C SY 2.67
645.0111 Geotextile Fabric Type DF Schedule A SY 2.00
645.0120 Geotextile Fabric Type HR SY 3.41
652.0125 Conduit Rigid Metallic 2-Inch LF 11.80
652.0135 Conduit Rigid Metallic 3-Inch LF 24.15
652.0225 Conduit Rigid Nonmetallic Schedule 40 2-Inch LF 4.00
652.0235 Conduit Rigid Nonmetallic Schedule 40 3-Inch LF 6.50
SPV.0035 HPC Masonry Superstructure CY 399.50
SPV.0165 Anti-Graffiti Coating SF 1.83
SPV.0180 Pigmented Protective Surface Treatment SY 5.70
Table 5.3-1

Contract Unit Bid Prices for New Structures

January 2011
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Item No. Bid Item Unit Cost
455.0 | Asphaltic Material TON 689.00
460.1 HMA Pavement Type TON 23.60
502.5002 Masonry Anchors Type L No. 4 Bars EACH 11.07
502.5005 Masonry Anchors Type L No. 5 Bars EACH 11.00
502.5010 Masonry Anchors Type L No. 6 Bars EACH 21.00
502.5015 Masonry Anchors Type L No. 7 Bars EACH 12.50
502.5020 Masonry Anchors Type L No. 8 Bars EACH 17.00
502.5025 Masonry Anchors Type L No. 9 Bars EACH 20.50
502.6102 Masonry Anchors Type S Y-Inch EACH 21.85
502.6105 | Masonry Anchors Type S 5/8-Inch EACH 13.50
502.6110 Masonry Anchors Type S ¥-Inch EACH 13.75
502.6115 | Masonry Anchors Type S 7/8-Inch EACH --
502.6120 Masonry Anchors Type S 1-Inch EACH 12.00
505.0904 Bar Couplers No. 4 EACH 11.56
505.0905 Bar Couplers No. 5 EACH 16.22
505.0906 Bar Couplers No. 6 EACH 27.25
505.0907 Bar Couplers No. 7 EACH 10.33
505.0908 Bar Couplers No. 8 EACH 46.64
505.0909 Bar Couplers No. 9 EACH 34.10
509.0301 Preparation Decks Type 1 SY 74.50
509.0302 Preparation Decks Type 2 SY 81.50
509.0500 | Cleaning Decks SY 9.00
509.1000 | Joint Repair SY 564.00
509.1200 | Curb Repair LF 41.40
509.1500 | Concrete Surface Repair SF 64.50
509.2000 | Full-Depth Deck Repair SY 270.00
509.2500 | Concrete Masonry Overlay Decks CY 425.20
SPV.0165 | Epoxy Overlay SF 12.00
Table 5.3-2
Contract Unit Bid Prices for Rehab Structures
January 2011 5-8
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5.4 Bid Letting Cost Data

This section includes past information on bid letting costs per structure type. Values are
presented by structure type and include: number of structures, total area, total cost,
superstructure cost per square foot and total cost per square foot.

5.4.1 2006 Year End Structure Costs

Total Cost per
No. of Area Super Only Cost | Square
Structure Type Bridges | (Sq. Ft.) | Total Costs | Per Square Foot Foot
Prestressed Concrete 24 453,000 | 35,249,963 51.45 77.81
Girders
Reinforced Concrete 39 63,984 5,211,526 47.76 81.50
Slabs (All But A5)
Reinf. Conc. Slab (A5 37 66,675 5,174,920 40.95 77.61
Abuts)
Prestressed Box 4 12,761 1,804,149 62.28 141.38
Girders
Table 5.4-1
Stream Crossing Structures
Cost per
No. of | Total Area Total Super. Only Cost Square
Structure Type Bridges (Sq. Ft.) Costs Per Square Foot Foot
Prestressed 24 167,899 13,544 51 60.12 80.67
Concrete Girders 0
Steel Plate Girders 2 28,782 6,572,494 142.68 228.35
Reinf. Conc. Slabs 6 20,316 1,732,386 43.02 85.27
(All But A5)
Reinf. Conc. Slabs 4 5,979 605,133 44.08 101.21
(A5 Abuts)
Table 5.4-2
Grade Separation Structures
January 2011 5-9
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Box Culverts No. of Culverts | Cost per Lin. Ft.
Single Cell 9 885.72
Twin Cell 6 1,805.23
Triple Cell 0 0
Aluminum 0 0
Table 5.4-3

Box Culverts

Bascule Bridge

Cost per Sqg. Ft.

B-15-23 388.85
Table 5.4-4
Bascule Bridge
No. of Total Area Cost per
Retaining Walls Bridges (Sq. Ft.) Total Costs | Square Foot
MSE Walls 7 6,102 343,147 56.25
Modular Walls 0 0 0 0
Concrete Walls 7 15,848 1,059,081 66.83
Panel Walls 16 25,907 2,908,492 112.07
Table 5.4-5
Retaining Walls
5.4.2 2007 Year End Structure Costs
Super. Only Cost
Total Cost Per per
No. of Area Square Square
Structure Type Bridges | (Sq. Ft.) | Total Costs Foot Foot
Prestressed Concrete Girders 48 529,222 | 44,292,799 43.38 83.69
Reinf. Conc. Slabs (All But A5) 50 133,565 | 14,226,156 47.96 98.98
Reinf. Conc. Slabs (A5 Abuts) 24 40,309 4,286,494 47.85 92.14
Prestressed Box Girders 3 11,522 1,350,270 68.84 117.19
Table 5.4-6
Stream Crossing Structures
January 2011 5-10
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Super.
Only Cost Cost
Total Per per
No. of Area Square Square
Structure Type Bridges | (Sqg. Ft.) | Total Costs Foot Foot
Prestressed Concrete Girders 24 218,501 | 16,506,445 55.79 75.54
Steel Plate Girders 1 32,000 4,959,856 122.43 155.00
Reinf. Conc. Slabs (All But A5) 2 9,738 709,168 32.77 72.82
Reinf. Conc. Slabs (A5 Abuts) 1 1,944 226,433 47.81 116.46
Table 5.4-7
Grade Separation Structures
Box Culverts No. of Culverts Cost per Lin. Ft.
Single Cell 5 1,168.00
Twin Cell 9 1,000.00
Triple Cell 1 3,832.00
Precast Box 1 894.00
Table 5.4-8
Box Culverts
Pedestrian Bridge Cost per Sq. Ft.
B-13-605 154.34
B-45-96 443.41
Table 5.4-9

Pedestrian Bridges
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Cost per
No. of Total Area Total Square
Retaining Walls Bridges (Sq. Ft) Costs Foot
MSE Walls 6 14,133 752,236 53.23
Modular Walls 0 0 0 0
Concrete Walls 6 21,376 1,254,180 58.67
Panel Walls 0 0 0 0
Table 5.4-10
Retaining Walls
5.4.3 2008 Year End Structure Costs
Super. Only
Total Cost per Cost per
No. of Area Square Square
Structure Type Bridges (Sq. Ft.) | Total Costs Foot Foot
Prestressed Concrete 27 354,319 | 37,636,697 56.00 106.00
Girders
Reinf. Conc. Slabs
(All But A5) 28 29,381 3,892,609 45.00 98.50
Reinf. Conc. Slabs
(A5 Abuts) 20 19,900 2,529,658 53.50 127.00
Prestressed Box 1 762 106,847 109.00 140.00
Girders

Table 5.4-11
Stream Crossing Structures
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Super. Only
Total Cost per Cost per
No. of Area Square Square
Structure Type Bridges (Sq. Ft.) | Total Costs Foot Foot
Prestressed Concrete 68 617,067 | 52,412,539 |  64.50 85.00
Girders
Steel Plate Girders 0 - -- -- --
Reinf. Conc. Slabs
(All But A5) 2 23,777 2,769,953 58.50 116.50
Reinf. Conc. Slabs 0 B B B B
(A5 Abuts)
Table 5.4-12
Grade Separation Structures
No. of Cost per
Box Culverts | Culverts Lin. Ft.
Single Cell 7 1,059.00
Twin Cell 15 1,914.00
Triple Cell 0 --
Aluminum 0 --
Table 5.4-13
Box Culverts
Pedestrian Bridges | Cost per Sq. Ft.
None this Year --
Table 5.4-14
Pedestrian Bridges
Railroad Bridges | Cost per Sqg. Ft.
None this Year --
Table 5.4-15
Railroad Bridges
5-13
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Cost per
Bascule Bridge Sq. Ft.
None this Year --
Table 5.4-16
Bascule Bridges
Cost per
No. of Total Area Total Square
Retaining Walls Bridges (Sq. Ft.) Costs Foot
MSE Walls 4 14,292 520,912 36.50
Modular Walls 0 -- -- --
Concrete Walls 14 23,572 2,572,658 108.00
Panel Walls 5 11,939 782,972 65.50
Table 5.4-17
Retaining Walls
5.4.4 2009 Year End Structure Costs
Super.
Only Cost | Cost
Per per
No. of | Total Area Square Square
Structure Type Bridges (Sg. Ft) Total Costs Foot Foot
Prestressed Concrete Girders 27 225,572 23,546,996 54.77 104.39
Reinf. Conc. Slabs (All but A5) 39 108,422 11,214,819 46.46 103.44
Reinf. Conc. Slabs (A5 Abuts) 32 58,049 6,312,845 51.00 108.75
Prestressed Box Girders 0

Table 5.4-18
Stream Crossing Structures
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Super. Only Cost
Total Cost Per per
No. of Area Square Square
Structure Type Bridges | (Sq. Ft.) | Total Costs Foot Foot
Prestressed Concrete Girders 124 776,329 | 67,163,261 50.71 86.51
Steel Plate Girders 2 21,725 4,038,011 114.36 185.87
Reinf. Conc. Slabs (All but A5) 0
Reinf. Conc. Slabs (A5 Abuts) 0
Steel I-Beam 4 34,227 3,454,905 58.22 100.94
Arch Structures 2 4,750 1,637,760 0 344.79
Pedestrian Stuctures 1 2,286 1,712,743 0 749.23
Table 5.4-19

Grade Separation Structures

Box Culverts No. of Culverts Cost per Lin. Ft.
Single Cell 16 1,470.36
Twin Cell 11 2,331.10
Triple Cell 1 6,922.41
Pipe 2 1,072.73
Table 5.4-20

Box Culverts

Pedestrian Bridges | Cost per Sq. Ft.
None this Year --

Table 5.4-21
Pedestrian Bridges

Timber Bridges Cost per Sq. Ft.
B-9-285 (County Built) 47.20
Table 5.4-22

County Timber Bridges
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Cost per
Bascule Bridge Sq. Ft.
None this Year --
Table 5.4-23
Bascule Bridges
Cost per
No. of Total Area Square
Retaining Walls Bridges (Sq. Ft) Total Costs Foot
MSE Walls 26 103,486 5,460,180 52.76
Modular Walls 0
Concrete Walls 6 25,025 1,109,328 44.33
Panel Walls 2 5,873 863,092 146.96
Pile Walls 5 168,403 2,930,175 17.40
Table 5.4-24
Retaining Walls
5.4.5 2010 Year End Structure Costs
Super.
Only Cost Cost
Per per
No. of | Total Area Square Square
Structure Type Bridges (Sq. Ft.) Total Costs Foot Foot
Prestressed Concrete Girders 20 255,157 23,302,014 58.02 91.32
Reinf. Conc. Slabs (All but A5) 24 60,992 6,851,861 61.34 112.34
Reinf. Conc. Slabs (A5 Abuts) 25 54,354 6,988,519 70.10 128.57
Prestressed Box Girders 1 3,351 463,639 78.97 138.36
Table 5.4-25
Stream Crossing Structures
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Super. Only Cost

Total Cost Per per
No. of Area Square Square

Structure Type Bridges | (Sq. Ft.) | Total Costs Foot Foot
Prestressed Concrete Girders 31 315,515 | 25,858,760 58.18 81.96
Steel Plate Girders 4 71,510 | 21,217,890 99.42 296.71
Reinf. Conc. Slabs (All but A5) 20 168,719 | 13,881,152 36.77 82.27

Reinf. Conc. Slabs (A5 Abuts) 0
Trapezoid Box 3 82,733 | 10,546,181 89.12 127.50
Table 5.4-26

Grade Separation Structures

Box Culverts No. of Culverts Cost per Lin. Ft.
Single Cell 22 1,718.00
Twin Cell 8 1,906.00
Triple Cell 1 928.00
Pipe 1 1,095.00
Table 5.4-27

Box Culverts

Pre-Fab Pedestrian Bridge | Cost per Sq. Ft.
B-23-61 133.90

Table 5.4-28
Pre-Fab Pedestrian Bridge

Pedestrian Bridges Cost per Sq. Ft.
4 179.56

Table 5.4-29
Pedestrian Bridges
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Cost per
Bascule Bridge Sq. Ft.
None this Year --

Table 5.4-30
Bascule Bridges

Cost per
No. of Total Area Square
Retaining Walls Bridges (Sq. Ft) Total Costs Foot
MSE Walls 74 448,972 26,243,005 58.45
Modular Walls 0
Concrete Walls 6 38,680 2,223,277 57.48
Panel Walls 17 113,113 11,827,963 104.57
Tangent Pile Walls 4 36,974 2,347,442 63.49
Wired Faced MSE Wall 2 22,130 907,330 41.00
Secant Wall 1 8,500 913,292 107.45
Soldier Pile Wall 3 251,344 4,448,344 17.72
Table 5.4-31

Retaining Walls
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6.1 Approvals, Distribution and Work Flow

Production of Structural Plans

Regional Office Prepare Structure Survey Report.

Geotechnical Section Make site investigation and prepare Site
Investigation Report. See 6.2.1 for exceptions.

(Bur. of Tech. Services)

Structures Development Sect. Record Structure Survey Report.

(Bur. of Structures)

Structures Design Section Determine type of structure.

(Bur. of Structures)
Perform hydraulic analysis if required.

Check roadway geometrics and vertical
clearance.

Review Site Investigation Report and

determine foundation requirements. Check
criteria for scour critical Bridges and record
scour critical code on the preliminary plans.

Draft preliminary plan layout of structure.

Send copies of preliminary plans to Regional
Office.

If a railroad is involved, send copies of
preliminary plans to the Rails & Harbors
Section (Bureau of Transit, Local Roads, Rails
& Harbors) who will forward details and
information to the railroad company.

If Federal aid funding is involved, send copies
of preliminary plans to the Federal Highway
Administration for major, moveable, and
unusual bridges.

If a navigable waterway is crossed, a Permit
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Structures Design Units

(Bur. of Structures)

Manager, Structures Design

Section (Bur. of Structures)

drawing to construct the bridge is sent to the
Coast Guard. If FHWA determines that a
Coast Guard permit is needed, send a Permit
drawing to the Coast Guard. If Federal aid is
involved, preliminary plans are sent to the
Federal Highway Administration for approval.

Review Regional Office comments and other
agency comments, modify preliminary plans
as necessatry.

Review and record project for final structural
plan preparation.

Assign project to a Structures Design Unit.

Prior to starting project, Designer contacts
Regional Office to verify preliminary structure
geometry, alignment, width and the presence
of utilities.

Prepare and complete design and final plans
for the specified structure.

Give completed job to Manager of Structures
Design Section.

Review final structural plans.

Review and revise or write special provisions
as needed.

Send copies of final structural plans and
special provisions to Regional Offices.

If a railroad is involved, send copies of final
plans to the Rails & Harbors Section.

Sign lead structural plan sheet.

Deliver final structural plans and special

January 2011
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provisions to the Bureau of Project
Development.

Bur. of Project Development Prepare final approved structural plans for
pre- contract administration.

A map of navigable waterways in Wisconsin as defined by the Coast Guard is kept in the
Consultant Design and Hydraulics Unit (Bureau of Structures).
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6.2 Preliminary Plans

6.2.1 Structure Survey Report

The Structure Survey Report is prepared by Regional Office personnel to request a structure
improvement project. The following forms in word format are used and are available at:
http://www.dot.wisconsin.gov/forms/index.htm

Under the “Plans and Projects” heading:

DT1694 English Separation Structure Survey Report
DT1696 English Rehabilitation Structure Survey Report
DT1698 English Stream Crossing Structure Survey Report

(use for Culverts also)

The front of the form lists the supplemental information to be included with the report.
Duplicate reports and supplemental information are required for Federal aid primary and
Interstate projects.

When preparing the Structure Survey Report, designers will make their best estimate of
structure type and location of substructure units. The completed Structure Survey Report
with the locations of the substructure units and all required attachments and supporting
information will then be submitted to the Geotechnical Section, attention Chief Geotechnical
Engineer, through the Regional Soils Engineer, and to the Consultant Design & Hydraulics
Unit, attention Consultant Design & Hydraulics Supervisor. This submittal will take place a
minimum of 15 months in advance of the final plans due date shown on the Structure Survey
Report. Under this plan, the box on the Structure Survey Report titled, "Have soil borings
been requested” should always be checked "yes". The Geotechnical Section has
responsibility for conducting the necessary soil borings. The Consultant Design and
Hydraulics Unit and the Geotechnical Section will coordinate activities to deliver the
completed preliminary plans on schedule.

In most instances, the geotechnical work will proceed after the receipt of the Structure
Survey Report, but in advance of the development of the preliminary bridge plans. However,
special circumstances may require that the preliminary bridge plans precede the
geotechnical work. The Geotechnical Section may request preliminary bridge plans under the
following conditions.

1. A review of available subsurface information indicates the probability of very shallow
and highly variable bedrock.

2. The span on the Structure Survey Report falls in the 30 to 40 range and the decision
between a bridge or a box culvert is not evident.
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3. The Structure Survey Report indicates a multiple span structure in excess of 100 feet
over a body of water.

The Project Manager may also request information on structure type and substructure
locations if such information is necessary to expedite the environmental process.

Under this process, the scheduling of geotechnical work is coordinated with the Consultant
Design & Hydraulics Unit toward completion of the bridge plans by the final plan due date. If
other geotechnical work is required for the project, the designer should coordinate with the
Regional Soils Engineer and the Geotechnical Section to promote efficiency of field drilling
operations.

If the preliminary bridge plans are required more than one year in advance of the final plan
due date on the Structure Survey Report due to the unique needs of the project, the project
manager should discuss this situation with the Consultant Design & Hydraulics Supervisor
prior to submitting the Structure Survey Report. A note discussing the agreed upon schedule
should then be attached to all copies of the Structure Survey Report so all parties are aware
of the schedule. The Geotechnical Section is responsible for scheduling the borings.

Coordination early in the design process with DNR regarding removal techniques for the
existing structure, and new structure placement and type is very important. The status of any
agreements with the DNR, that affect the structure should be noted under additional
information on the Structure Survey Report.

The following figures are a sample of a Stream Crossing Structure Survey report; Figure
6.2-1, Figure 6.2-2, Figure 6.2-3, and Figure 6.2-4.

6.2.2 Preliminary Layout
6.2.2.1 General

The preparation of a preliminary layout for structures is primarily for the purpose of
presenting an exhibit to the agencies involved for approval, before proceeding with final
design and preparation of detail plans. When all the required approvals are obtained, the
preliminary layout is used as a guide for final design and plan preparation.

For box culverts a preliminary drawing is usually not prepared. Information required to be
submitted as a part of the survey report for a box culvert is usually sufficient to serve as a
preliminary layout.

The drawings for preliminary layouts are on sheets having an overall width of 11 inches and
an overall length of 17 inches.
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ENGLISH - STREAM CROSSING STRUCTURE SURVEY REPORT

Wisconsin Department of Transportation

DT1698 1/2006 (Replaces EB53)
[ Box Culvert [J Culvert Extension [ Right [X] stream Crossing [ Other
[] Left
Final Plan Due Date Preliminary Plan Due Date E Town of Winchester
(N/A for Culverts) D Village of
3/1/1999 10/1/1998 O city of
New Structure Number | Highway County Design Project ID
B-70-139 STH 110 Winnebago 6200-06-00
Aesthetics Level (For Levels 2, 3 & 4, Explain on Page 4) Construction Project 1D
01 X 2 13 04 6200-06-71
Station Section Town Range
303 + 00 35/36 20N 15E
Indicate Purpose Identify Stream (If Applicable)
X waterway Arrowhead River

[[] Other (Describe)

Region Contact Person/Area Code with Telephone Number Traffic Forecast Data
D. Pauli Design Year | Average Roadway
414-926-5672 Daily Design Functional
Traffic (ADT) Speed Class
Consultant Contact Person/Area Code with Telephone Number
2015 9150 100 mph

Instructions for Structure Survey
In addition to this report, the following information shall be submitted.

1. Small County Map on which the location of proposed structure is shown in red and highway relocation, if any, in

green.

Plan and Profile Sheet on proposed reference line of highway showing the following: (a) Ground line; (b) Finished

grade line; (c) Profile grade line elevations at least every 100 feet for 1,000 feet each side of the structure; (d) Vertical
curve control points; (e) Horizontal curve control points; (f) Curve data, including full SE and runoff distance.

Contour Map of the site drawn to a scale of not less than 1" = 20 feet with one-foot contours and showing the

following (a) Existing highway and structure; (b) Proposed highway alignment and R/W; (c) Station numbers; (d) North
arrow; (e) Buildings; (f) Underground facilities; (g) Other features which influence the design; (h) Recommended

channel change; (i) Direction of stream flow; (j) Stations at end of existing structure; (k) Proposed structure and extent
of riprap for consultant designed structures.

Typical Roadway Cross Section of proposed approaches showing the following: (a) Dimensions; (b) Slopes; (c)

Type and width of surfacing or pavement; (d) Sidewalk, curb and gutter; (e) Subgrade and pavement thickness; (f)
Clear zone width.

downstream. Surface water elevations at 1500 feet upstream and downstream of existing bridge.

Stream Cross Section at upstream and downstream face of existing bridge and at one bridge length upstream and

Original Photographs of: (a) Existing structure; (b) Upstream and downstream structures; (c) Buildings within 100

feet of the proposed structure; (d) Unobstructed panoramic view looking upstream and downstream from proposed
structure. *Air photo mosaics if available.”

structures on the project.

Attach a copy of the regulatory flood plain map (FEMA map) depicting the site.

Proposed Location Map showing structure location and number, one per structure when there are multiple

For consultant designed structures - Hydraulic Report which may contain the following: (a) USGS quadrangle sheet

showing proposed location, highway alignment and reach of river; (b) All available flood history, high water marks with
date of occurrence, nature of flooding, damages and scour information; (c) Factors affecting water stages; (d)
Navigation Clearance, for guidance in making report, see Chapter 8 of Bridge Design Manual; (e) Discussion of
alternatives considered, factors influencing selection.

10. Attach a copy of

DNR initial concurrence letter.

Figure 6.2-1
Structure Survey Report, Page 1 of 4
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Discharge DISCH. Near Side, Far Side N.S.F.S.
Per Cent % Sidewalk SDWK.
Plate PL South S.
Point of Curvature P.C. Space SPA.
Point of Intersection P.l. Specification SPEC
Point of Tangency P.T. Standard STD.
Point on Curvature P.O.C. Station STA.
Point on Tangent P.O.T. Structural STR.
Property Line P.L. Substructure SUBST.
Quantity QUAN. Superstructure SUPER.
Radius R. Surface SURF.
Railroad R.R. Superelevation S.E.
Railway RY. Symmetrical SYM
Reference REF. Tangent Line TAN. LN.
Reinforcement REINF. Transit Line T/L
EE:C;?ICF(:(;eC:oncrete R.C.C.P. Transverse TRAN.
Required REQ'D. Variable VAR.
Right RT. Vertical VERT.
Right Hand Forward R.H.F. Vertical Curve V.C.
Right of Way R/W Volume VOL.
Roadway RDWY. West W.
Round %] Zinc Gauge ZN. GA.
Section SEC.

Table 6.3-1

Abbreviations

6.3.1.8 Nomenclature and Definitions

Universally accepted nomenclature and approved definitions are to be used wherever
possible.

6.3.2 Plan Sheets

The following information describes the order of plan sheets and the material required on
each sheet.

Plan sheets are placed in order of construction generally as follows:
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WisDOT Bridge Manual Chapter 6 — Plan Preparation

General Plan

Subsurface Exploration

Abutments

Piers

Superstructure and Superstructure Details

Railing and Parapet Details

Show all views looking up station.

6.3.2.1 General Plan (Sheet 1)

See the BOS web page, CADD Resource Files, for the latest sheet boarders to be used.
Sheet borders are given for new bridges, rehabilitation projects and concrete box culverts. A
superstructure replacement utilizing the existing substructure should use the sheet border for
a new structure. See Chapter 40 - Bridge Rehabilitation for criteria as to when
superstructure replacements are allowed.

1.

Plan View

Same requirements as specified for preliminary drawing, except do not show contours
of groundline and as noted below.

a. Sufficient dimensions to layout structure in the field.

b. Describe the structure with a simple note such as: Four span continuous steel
girder structure.

c. Station at end of deck on each end of bridge.
On Structure Replacements
Show existing structure in dashed-lines on Plan View.
Elevation View
Same requirements as specified for preliminary plan except:
a. Show elevation at bottom of all substructure units.
b. Give estimated pile lengths where used.
Cross-Section View

Same requirements as specified for preliminary plan except:
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a. For railroad bridges show a railroad cross-section.

b. View of pier if the bridge has a pier (s), if not, view of abutment.
Grade Line
Same requirements as specified for preliminary plan.
Design and Traffic Data

Same requirements as specified for preliminary plans, plus see 6.3.2.1 for guidance
regarding sheet border selection. .

Hydraulic Information, if Applicable

Foundations

Give soil/rock bearing capacity or pile capacity.

Example for General Plan sheet: Abutments to be supported on HP 10 x 42 steel
piling with a required driving resistance of 180 tons * per pile as determined by the
Modified Gates Dynamic Equation. Estimated 50’ long.

*The factored axial resistance of piles in compression used for design is the required
driving resistance multiplied by a resistance factor of 0.5 using modified Gates to
determine driven pile capacity.

Repeat the note above on each substructure sheet, except the asterisk (*) and
subsequent explanation of factored design resistance need not appear on individual

substructure sheets.

See Table 11.3-5 for typical maximum driving resistance values.

8. Estimated Quantities

a. Enter bid items and quantities as they appear, and in the order in which they
appear in the "Schedule of Bid Items" of the Standard Specifications. Put
items not provided for at the bottom of the list. Enter quantities for each part of
the structure, (superstructure, each abutment, each pier) under a separate
column with a grand total.

Quantities are to be bid under items for the Structure Type and not by the "B"
or "C" numbers. For example, concrete for a multi-cell box culvert exceeding a
total length of 20 feet is to be bid under item Concrete Masonry Culverts. As
another example, a bridge having a length less than 20 feet would be given a
"C" number; however, the concrete bid item is Concrete Masonry Bridges.

b. For incidental items to be furnished for which there is no bid item, and
compensation is not covered by the Standard Specifications or Special
Provisions, note on the plans the most closely related bid item that is to
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include the cost in the price bid per unit of item. As an example, the cost of
concrete inserts is to be included in the price bid per cubic yard of concrete
masonry.

9. General Notes

A standard list of notes is given in 6.3.2.1.1 and 6.3.2.1.2. Use the notes in this table
that apply to the structure drawn on the plans.

10. List of Drawings

Each sheet is humbered sequentially beginning with 1 for the first sheet. Give the
sheet number and title of sheet.

11. Bench Marks
Give the location, description and elevation of the nearest bench mark.

12. Title Block
Fill in all data for the Title Block except the signature. The title of this sheet is
"General Plan". Use the line below the structure number to describe the type of
crossing. (Example: STH 15 SB OVER FOX RIVER). See 6.3.2.1 for guidance
regarding sheet border selection.

13. Professional Seal

All final bridge plans prepared by Consultants or Governmental Agencies shall be
professionally sealed, signed, and dated on the general plan sheet.

This is not required for WisDOT prepared plans, as they are covered elsewhere.

6.3.2.1.1 Plan notes for New Bridge Construction

1. Drawings shall not be scaled. Bar Steel Reinforcement shall be embedded 2" clear
unless otherwise shown or noted.

2. All field connections shall be made with 3/4” diameter friction type high-tensile
strength bolts unless shown or noted otherwise.

3. Slab falsework shall be supported on piles or the substructure unless an alternate
method is approved by the Engineer.

4. The first or first two digits of the bar mark signifies the bar size.
5. The slope of the fill in front of the abutments shall be covered with heavy riprap and

geotextile fabric Type ‘HR’' to the extent shown on sheet 1 and in the abutment
details.
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10.

11.

12.

13.

14,

15.

The slope of the fill in front of the abutments shall be covered with slope paving
material to the extent shown on sheet 1 and in the abutment details.

The stream bed in front of the abutment shall be covered with riprap as shown on this
sheet and in the abutment details.

The existing stream bed shall be used as the upper limits of excavation at the piers.
The existing ground line shall be used as the upper limits of excavation at the piers.
The finished graded section shall be the upper limits of excavation for structures.

The upper limits of excavation for structures for the abutments shall be the bottom of
slope protection.

Within the length of the box all spaces excavated and not occupied by the new
structure shall be backfilled with Structure Backfill to the elevation and section
existing prior to excavation within the length of the culvert.

At the backface of abutment all volume which cannot be placed before abutment
construction and is not occupied by the new structure shall be backfilled with
structure backfill.

Concrete inserts to be furnished by the utility company and placed by the contractor.
Cost of placing inserts shall be included in the bid price for concrete masonry.

Prestressed Girder Bridges - The haunch concrete quantity is based on the average
haunch shown on the Prestressed Girder Details sheet.

6.3.2.1.2 Plan Notes for Bridge Rehabilitation

1.

2.

Dimensions shown are based on the original structure plans.

All concrete removal not covered with a concrete overlay shall be defined by a 1 inch
deep saw cut.

Utilize existing bar steel reinforcement where shown and extend 24 bar diameters
into new work, unless specified otherwise.

Concrete expansion bolts and inserts to be furnished and placed by the contractor
under the bid price for concrete masonry.

At "Curb Repair" expose existing reinforcement a minimum of 1 1/2” clear.

Existing floor drains to remain in place. Remove top of deck in drain area as directed
by the Field Engineer to allow placing and sloping of 1 1/2” concrete overlay.

Expansion joint assembly, including anchor studs and hardware shall be paid for in
the lump sum price bid as "Expansion Device B- " or “Expansion Device
Modular B-
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8. Clean and fill existing longitudinal and transverse cracks with penetrating epoxy as
directed by the Field Engineer.

9. Variations to the new grade line over 1/4” must be submitted by the Field Engineer to
the Structures Design Section for review.

10. The contractor shall supply a new name plate in accordance with Section 502.3.11 of
the Standard Specifications and the standard detail drawings. Name plate to show
original construction year.

6.3.2.2 Subsurface Exploration

This sheet is initiated by the Geotechnical Engineer. The following information is required on
the sheet. Bridge details are not drawn by the Geotechnical Engineer.

1. Plan View

Show a plan layout of structure with survey lines, reference lines, pier and abutment
locations and location of borings and probings plotted to scale.

On box culvert structure plans, show three profile lines of the existing ground
elevations (along the centerline and outer walls of the box). Scale the information for
these lines from the site contour map that is a part of the structure survey report.

2. Elevation
Show a centerline profile of existing ground elevation.

Show only substructure units at proper elevation w/no elevations shown. Also show
the pile lengths.

Show the kind of material, its located depth, and the blow count of the split spoon
sampler for each boring. Give the blow count at about 5 foot intervals or where there
is a significant change in material.

6.3.2.3 Abutments

Use as many sheets as necessary to show details clearly. Show all bar steel required using
standard notations; solid lines lengthwise and solid dots in cross section. Give dimensions for
a skewed abutment to a reference line which passes through the intersection for the
longitudinal structural reference line and centerline of bearing of the abutment. Give the
dimension, from centerline of bearing to backface of abutment along the longitudinal
reference line and the offset distance if on a skew. Show the skew angle.

If there is piling, show a complete footing layout giving piling dimensions tied to the reference
line. Number all the piles. Give the type of piling, length and required driving resistance.
Show a welded field splice for cast in place concrete or steel H piles.
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Bridge seats for steel bearings and laminated elastomeric bearings are level within the limits
of the bearing plate. Slope the bearing area utilizing non-laminated elastomeric bearings if
the slope of the bottom of girder exceeds 1%. Slope the bridge seat between bearings 1”
from front face of backwall to front face of abutment. Give all beam seat elevations.

1.

5.

6.

Plan View
a. Place a keyed construction joint near the center of the abutment if the length
of the body wall exceeds 50 feet. Make the keyway as large as feasible and
extend the horizontal bar steel through the joint.

b. Dimension wings in a direction parallel and perpendicular to the wing
centerline.

c. Dimension angle between wing and body if that angle is different from the
skew angle of the abutment.

Elevation

a. Give beam seat, wing (front face and wing tip), and footing elevations to the
nearest .01 of a foot.

b. Give vertical dimension of wing.
Wing Elevation
Body Section

Place an optional keyed construction joint in the parapet at the bridge seat elevation if
there is a parapet.

Wing Sections

Bar Steel Listing and Detail

Use the following views where necessary:

7.

8.

9.

Pile Plan & Splice Detail
View Showing Limits of Excavation and Backfill

Special Details for Utilities

10. Drainage Details

6.3.2.4 Piers

Use as many sheets as necessary to show all details clearly. One sheet may show several
piers if only the height, elevations and other minor details are different.
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Give dimensions for a skewed pier to a reference line which passes through the intersection
of the longitudinal structural reference line and the pier centerline. Show the skew angle.
Dimension the centerline spacing of superstructure girders.

1.

Plan View

Show dimensions, footings, cap steps, beam spacings and skew angle.

Elevation

Show dimensions and elevations. Show lengths of all columns for clarity. Give the
elevation of the bottom of footings and beam seats. Refer to abutments for detailing
bridge seats. Dimension all bar steel and stirrups.

Footing Plan

Show dimensions for pile spacing, pile numbers and reinforcing steel in footing.

Bar Steel Listing and Details

Pile Splice Detail (If different from abutment only).

Cross Section thru Column and Pier Cap

Detail anchor bolts between reinforcing bars to provide clearance. Long steel bridges

may require more clearance. This allows an erection tolerance for the structural steel
so that the bar steel is not pierced by the anchor bolts if the bearing is shifted.

6.3.2.5 Superstructure

Use as many sheets as are necessary to show all details clearly. Standard insert sheets are
available to show many standard details. The title, project number, and a few basic
dimensions are added to these standard sheets.

6.3.2.5.1 All Structures

1.

Show the cross-section of roadway, plan view and related details, elevation of typical
girder or girders, details of girders, and other details not shown on standard insert
sheets. All drawings are to be fully dimensioned and show such sections and views
as needed to detail the superstructure completely.

For girder bridges:

Show the total dead load deflections, including composite dead load (without future
wearing surface) acting on the composite section, at tenth points of each span.
Distribute the composite dead load evenly to all girders and provide one deflection
value for a typical interior girder. Chapter 17 — Superstructure-General illustrates
three load cases for exterior girder design with raised sidewalks, cases that provide a
conservative envelope to ensure adequate girder capacity. However, the above
composite dead load distribution should be used for deflection purposes. For
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prestressed concrete girders, the dead load deflection reported does not include the
weight of the girder. See Chapter 24 — Steel Girder Structures for camber and
blocking, top of steel elevation and deflection reporting criteria.

A separate deflection value for interior and exterior girders may be provided if the
difference, accounting for load transfer between girders, warrants multiple values. A
weighted distribution of composite dead load could be used for deflection purposes
only. For example, an extremely large composite load over the exterior girder could
be distributed as 40-30-30 percent to the exterior and first two interior girders
respectively. Use good engineering judgment to determine whether to provide
separate deflection values for individual girder lines. In general, this is not necessary.

For slab bridges:

Provide camber values at the tenth points of all spans. The camber is based on 3
times the deflection of the slab, only. For multi-span bridges, the deflection
calculations are based on a continuous span structure since the falsework supports
the bridge until the concrete slab has cured.

Deflection and camber values are to be reported to the nearest 0.1 inch.

For girder structures, provide finished grade top of deck elevations for each girder line
at the tenth points of all spans. Show the top of deck elevations at the outside edge of
deck at tenth points. If staged construction, include tenth point elevations along the
construction joint. For slab structures, provide the finished grade elevations at the
centerline and/or crown and edge of slab at tenth points.

Decks of uniform thickness are used on all girders. Variations in thickness are
achieved by haunching the deck over each girder. Haunches are formed off the top of
the top flange. See the standards for details. In general the minimum haunch depth
along the edge of girder is to be 1 1/4” although 2" is recommended to allow for
construction tolerances. Haunch depth is the distance from the bottom of the concrete
deck to the top of the top flange.

Provide a paving notch at each end of all structures for rigid approach pavements.
See standard for details.

If the structure contains conduit for a deck lighting system, place the conduit in the
concrete parapet. Place expansion devices on conduit which passes through
structure expansion joints.

Show the bar steel reinforcement in the slab, curb, and sidewalk with the transverse
spacing and all bars labeled. Show the direction and amount of roadway crown.

On bridges with a median curb and left turn lane, water may be trapped at the curb
due to the grade slope and crown slope. If this is the case, make the cross slope flat
to minimize the problem. Existing pavers cannot adjust to a variable crown line.

On structures with modular joints consider cover plates for the back of parapets when
aesthetics are a consideration.
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6.3.2.5.2 Steel Structures

1. Show the diaphragm connections on steel girders. Show the spacing of rail posts on
the plan view.

2. Show a steel framing plan for all steel girders. Show the spacing of diaphragms.

3. On the elevation view of steel girders show dimension, material required, field and
shop splice locations, stiffener spacing, shear connector spacing, and any other
information necessary to construct the girder. In additional views show the field splice
details and any other detail that is necessary.

4. Show the size and location of all weld types with the proper symbols except for butt
welds. Requirements for butt welds are covered by A.W.S. Specifications.

5. See Chapter 24 — Steel Girder Structures for camber and blocking, top of steel
elevation and deflection reporting criteria.

6. Existing flange and web sizes should be shown to facilitate the sizing of bolts on
Rehabilitation Plans.

6.3.2.5.3 Railing and Parapet Details

Standard drawings are maintained by the Structures Development Section showing railing
and parapet details. Add the details and dimensions to these drawings that are unique to the
structure being detailed. Compute the length along the slope of grade line rather than the
horizontal dimension.

6.3.3 Miscellaneous Information
6.3.3.1 Bill of Bars

Show a complete bill of bar steel reinforcement for each unit of the structure. Place this bill
on the sheet to which the bars pertain. If the abutments or piers are similar, only one bar list
is needed for each type of unit.

Give each bar or group of bars a different mark if they vary in size, length, or location in a
unit. Each bar list is to show the mark, number of bars, length, location and detail for each
bar. Give bar lengths to the nearest 1” and segment lengths of bent bars to the nearest 1/2”.
Show all bar bends and hooks in detail.

Identify all bars with a letter indicating the unit in which the bar is placed - A for abutment, P
for pier, S for superstructure. Where units are multiple, each unit should have a different
letter. Next use a one or two digit number to sequentially number the bars in a unit. P1008
indicates bar number 08 is a size number 10 bar located in a Pier.

Use a Bar Series Table where a number of bars the same size and spacing vary in length is
a uniform progression. Use only one mark for all these bars and put the average length in the
table.
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Refer to the Standard drawings in Chapter 9 — Materials for more information on reinforcing
bars such as minimum bend diameter, splice lengths, bar supports, etc.

When a bridge is constructed in stages, show the bar quantities for each stage. This helps
the contractor with storage and retrieval during construction.

6.3.3.2 Box Culverts

Detail plans for box culverts are to be fully dimensioned and have sectional drawings needed
to detail the structure completely. The following items are to be shown when necessary:

1. Plan View

2. Longitudinal section

3. Section thru box

4. Wing elevations

5. Section thru wings

6. Section thru cutoff wall

7. Vertical construction joint

8. Bar steel clearance details

9. Header details

10. North point, Bench mark, Quantities

11. Bill of bars, Bar details

12. General notes, List of drawings, Rip rap layout

13. Inlet nose detail on multiple cell boxes

14. Corner details
Bid items are excavation, concrete masonry, bar steel and rip rap. Non bid items are
membrane waterproofing, filler and expansion bolts. In lieu of showing a contour map, show
profile grade lines as described for Subsurface Exploration sheet.

See the standard details for box culverts for the requirements on vertical construction joints,
apron and cutoff walls, longitudinal construction joints, and optional construction joints.

Show name plate location on plan view and on wing detail.
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6.3.3.3 Miscellaneous Structures

Detail plans for other structures such as retaining walls, sign bridges, pedestrian bridges, and
erosion control structures are to be detailed with the same requirements as previously
mentioned.

6.3.3.4 Standard Drawings

Standard drawings are maintained and furnished by the Structures Development Section.
These drawings show the common types of details required on the contract plans.

6.3.3.5 Insert Sheets

These sheets are maintained by the Structures Development Section and are used in the
contract plans to show standard details.

6.3.3.6 Change Orders and Maintenance Work

These plans are drawn on full size sheets.

6.3.3.7 Bench Marks

Bench mark caps are shown on all bridges and larger culverts. Locate the caps on a
horizontal surface flush with the concrete. Show the location in close proximity to the Name
Plate.

6.3.4 Checking Plans

Upon completion of the design and drafting of plans for a structure, the final plans are usually
checked by one person. Dividing plans checking between two or more Checkers for any one
structure leads to errors many times. The plans are checked for compliance with the
approved preliminary drawing, design, sufficiency and accuracy of details, dimensions,
elevations, and quantities. Generally the information shown on the preliminary plan is to be
used on the final plans. Revisions may be made to footing sizes and elevations, pile lengths,
dimensions, girder spacing, column shapes, and other details not determined at the
preliminary stage. Any major changes from the preliminary plan are to be approved by the
Chief Structural Design Engineer.

Give special attention to unique details and unusual construction problems. Take nothing for
granted on the plans.

The Checkers check the final plans against the Engineer's design and sketches to be sure all
information is shown correctly. The Engineer prepares all sketches and notations not
covered by standard drawings. A good Checker checks what is shown and noted on the plan
and also checks to see if any essential details, dimensions, or notation have been omitted.
Check the final plan Bid Items for conformity with those scheduled in the WisDOT Standard
Specifications for Highway and Structure Construction.
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The Checker makes an independent Bill of Bars list to be sure the detailer has not omitted
any bars when checking the quantity of bar steel.

Avoid making minor revisions in details or dimensions that have very little effect on cost,
appearance, or adequacy of the completed structure. Check grade and bridge seat
elevations and all dimensions to the required tolerances. The Checkers make all corrections,
revisions, and notations on a print of the plan and return it to the Plan Preparer. The Plan
Preparer back checks all marks made by the checker before changing. Any disagreements
are resolved with the supervisor.

Common complaints received from field people are dimension errors, small details crowded
on a drawing, lettering is too small, and reinforcing bar length or quantity errors.

After the plans are completed, the items in the survey folder are separated into the following
groups by the Structures Design Unit Supervisor or plans checker:

6.3.4.1 Items to be Destroyed When Construction is Completed (Group A)
1. Miscellaneous correspondence and Transmittal letters
2. Preliminary drawings and computations
3. Prints of soil borings and plan profile sheets
4. Quantity computations and bill of bars
5. Shop steel quantity computations*
6. Design checker's computations

7. Designer Computations and computer runs of non-complex structures on non state
maintained structures.

8. Layout sheets

9. Elevation runs and bridge geometrics
10. *Falsework plans*

11. Miscellaneous Test Report

12. Photographs of Bridge Rehabs

* These items are added to the packet during construction.
6.3.4.2 Items to be Destroyed when Plans are Completed (Group B)
1. All"void" material

2. All copies except one of preliminary drawings
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3.

4.

Extra copies of plan and profile sheets

Preliminary computer design runs

Items in Group A should be placed together and labeled. Items in Group B should be
discarded.

The following items are part of the Data Management System for Structures. The location is
shown for all items that need to be completed in order to properly manage the Structure data
either by Structures Design personnel for in-house projects or consultants for their designs.
Data for filing that is generated outside the Bureau of Structures should be sent to the
Structures Development Section.

1.

10.

Structure Inventory Form (Available on DOTNET) - New Bridge File — Data for this
form is completed by the preliminary designer and plans checker. It is submitted to
the Structures Development Section for entry into the File.

Load Rating Input File - Permits File - The designers submit an electronic copy of the
input data for load rating the structure to the Structures Development Section. It is
located for internal use at //H32751/rating.

Designer Computations and Inventory Superstructure Design Run (Substructure
computer runs as determined by the Engineer) - *HSI| — The designers record
design, inventory, operating ratings and maximum vehicle weights on the plans and
place into the scanned folder.

Pile Driving Reports - HSI - Structures Development Section scans reports into HSI.

Shop Drawings for Steel Bridges, Sign Bridges, Prestressed Girders, High Mast
Poles, Retaining Walls, Floor Drains, Railings and all Steel Joints - HSI - Metals
Fabrication & Inspection Unit or other source sends to the Structures Development
Section to scan all data into HSI.

Mill Tests, Heat Numbers and Shop Inspection Reports for all Steel Main Members -
HSI - Metals Fabrication & Inspection Unit sends electronic files data into HSI.

Hydraulic and Scour Computations, Contour Maps and Site Report - HSI - Data is
placed into scanned folder by Consultant Design & Hydraulics Unit.

Subsurface Exploration Report - HSI - Report is placed into scanned folder by
Consultant Design & Hydraulics Unit or electronic copies are loaded from
Geotechnical files.

Structure Survey Report - HSI - Report is placed into scanned folder by Consultant
Design & Hydraulics Unit.

As Built Plans - HSI - At bid letting, the printers place a digital image of plans in a
computer folder and send to the Structures Development Section where the plan
sheets are labeled and placed in HSI. As Built plans will replace bid letting plans
when available and will be scanned by the Structures Development Section.
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11. Inspection Reports - New Bridge File - The Structures Maintenance Section loads a
copy of the following Inspection Reports into the New Bridge File.

Initial Underwater (UW-Probe/Visual
Routine Visual Movable
Fracture Critical Damage
In-Depth Interim
Underwater (UW)-Dive Posted
Underwater (UW)-Surv

Table 6.3-2
Various Inspection Reports

** HSI — Highway Structures Information System — The electronic file where bridge data is
stored for future use.

6.3.5 Processing Plans

1. Before P.S. & E. Process
File plans in plan drawers by county for consultant work, or
Maintain plans as PDF on E-plan server.

2. AtP.S. & E. Processing
Prepare plans for bid letting process.

3. After Structure Construction
Any data in Design Folder is scanned and placed with bridge plans.

Original plan sheets and Design Folders are discarded.
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6.4 Computation of Quantities

When the final drafting and checking is completed, the Engineering Specialist and checker
are to prepare individual quantity calculations for the bid items listed on the plans. The
following instructions apply to the computation on quantities.

Be neat and orderly with the work. Divide the work into units that are repetitive such as
footings, columns, and girders. Label all items with a clear description. Use sketches for
clarity. These computations may be examined by others in future years so make them
understandable.

One of the most common errors made in quantity computation is computing only half of an
item which is symmetrical about a centerline and forgetting to double the result.

Staged Construction - On projects where there is staged construction that will involve two
construction seasons the following quantities should be split to match the staging to aid the
contractor/fabricator. Concrete Masonry, Bar Steel Reinforcement, Structural Steel and Bar
Couplers. The other items are not significant enough to justify separating.

Following is a list of commonly used bridge quantities. Be sure to use the appropriate item
and avoid using incidental items as this is too confusing for the contractor and project
manager. Items such as Incentive Strength Concrete Structures, Construction Staking
Structure Layout, etc. should not be included on the structure plans.

A column with the title “Bid Item Number” should be the first column for the “Total Estimated
Quantities” table shown in the plans. The numbers in this column will be the numbers

associated with the bid items as found in the Standard Specification, STSP, and/or Special
Provisions.

6.4.1 Excavation for Structures Bridges (Structure)

This is a lump sum bid item. The limits of excavation are shown in the chapter in the manual
which pertains to the structural item, abutments, piers, retaining walls, box culverts, etc.

The limits of excavation made into solid rock are the neat line of the footing.

6.4.2 Backfill Granular or Backfill Structure

Backfill Granular and Backfill Structure are bid in units of cubic yard. The pay limits and
guantity computations of backfill at abutments are shown in Chapter 12 — Abutments.

6.4.3 Concrete Masonry Bridges

Show the total quantity to the nearest cubic yard. Show unit quantities to the nearest 0.1
cubic yard adjusted so the total of the unit quantities equals the total quantity. In computing
guantities no deduction is made for metal reinforcement, floor drains, conduits and chamfers
less than 2”. Flanges of steel and prestressed girders projecting into the slab are deducted.
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Deduct the volume of pile heads into footings and through seals for all piling except steel H
sections. Deduct the actual volume displaced for precast concrete and cast-in-place concrete

piling.
Consider the concrete parapet railing on abutment wing walls as part of the concrete volume
of the abutment.

6.4.4 Prestressed Girder Type | (28-Inch; 36-Inch; 36W-Inch; 45W-Inch; 54W-Inch;
72W-Inch, 82W-Inch)

Record the total length of prestressed girders to the nearest 1 foot.

6.4.5 Bar Steel Reinforcement HS Bridges or Bar Steel Reinforcement HS Coated
Bridges

Record this quantity to the nearest 10 Ibs. Designate if bar steel is coated. Include the bar
steel in C.I.P. concrete piling in bar steel quantities.

6.4.6 Structural Steel Carbon or Structural Steel HS

See 24.2.4.

6.4.7 Bearing Pads Elastomeric Non-Laminated or Bearing Pads Elastomeric
Laminated or Bearing Assemblies Fixed (Structure) or Bearing Assemblies Expansion
(Structure)

Record as separate item with quantity required. Bid as Each.

6.4.8 Piling Test Treated Timber (Structure)

Record this quantity as a lump sum item. Estimate the pile lengths by examining the
subsurface exploration sheet and the Site Investigation Report. Give the length and location
of test piles in a footnote. Do not use this quantity for steel piling or concrete cast-in-place

piling.

6.4.9 Piling CIP Concrete Delivered and Driven ___ -Inch, Piling Steel Delivered and
Driven ___ -Inch

Record this quantity in feet for Steel and C.I1.P. types of piling delivered and driven. Timber
piling are Bid as separate items, delivered and driven. Pile lengths are computed to the
nearest 5.0 foot for each pile within a given substructure unit, unless a more exact length is
known due to well defined shallow rock (approx. 20 ft.), etc.. Typically, all piles within a given
substructure unit are shown as the same length.

The length of foundation piling driven includes the length through any seal and embedment
into the footing. The quantity delivered is the same as quantity driven. For trestle piling the
amount of piling driven is the penetration below ground surface.
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Qil field pipe is allowed as an alternate on all plans unless a note is added in the General
Notes stating it is not allowed on that specific project.

6.4.10 Preboring CIP Concrete Piling or Steel Piling
Record the type, quantity in feet. Calculate to the nearest lineal foot per pile location.

6.4.11 Railing Steel Type (Structure) or Railing Tubular Type (Structure)

Record the type, quantity is a Lump Sum.

6.4.12 Slope Paving Concrete or Slope Paving Crushed Aggregate or Slope Paving
Select Crushed Material

Record this quantity to the nearest square yard. Deduct the area occupied by columns or
other elements of substructure units.

6.4.13 Riprap Medium, Riprap Heavy or Grouted Riprap, Riprap Light
Record this quantity to the nearest 5 cubic yards.
6.4.14 Pile Points
When recommended in soils report. Bid as each.
6.4.15 Floordrains Type GC or Floordrains Type H
Record the type and number of drains. Bid as Each.
6.4.16 Cofferdams (Structure)
Lump Sum
6.4.17 Rubberized Membrane Waterproofing
Record the quantity to the nearest square yard.
6.4.18 Expansion Device (Structure)
Record this quantity in lump sum.

6.4.19 Electrical Work

Refer to Standard Construction Specifications for bid items.
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6.4.20 Conduit Rigid Metallic __-Inch or Conduit Rigid Nonmetallic Schedule 40 -Inch
Record this quantity in feet.

6.4.21 Preparation Decks Type 1 or Preparation Decks Type 2
Estimate Type 2 Deck Preparation as 40% of Type 1 Deck Preparation. Record this quantity

to the nearest square yard. Use 2” for depth of each Preparation, compute concrete quantity
and add to Concrete Masonry Overlay Decks.

6.4.22 Cleaning Decks
Record this quantity to the nearest square yard.
6.4.23 Joint Repair
Record this quantity to the nearest square yard.
6.4.24 Concrete Surface Repair
Record this quantity to the nearest square foot.
6.4.25 Full-Depth Deck Repair
Record this quantity to the nearest square yard.
6.4.26 Concrete Masonry Overlay Decks
Record this quantity to the nearest cubic yard. Estimate the quantity by using a thickness
measured from the existing ground concrete surface to the plan gradeline. Calculate the

minimum overlay thickness and add 2" for variations in the deck surface. Provide this
average thickness on the plan, as well. Usually 1” of deck surface is removed by grinding.

6.4.27 Removing Old Structure STA. XX + XX.XX

Covers the entire or partial removal of an existing structure. Bid as Lump Sum.
6.4.28 Anchor Assemblies for Steel Plate Beam Guard

Attachment assembly for Beam Guard at the termination of concrete parapets. Bid as each.
6.4.29 Steel Diaphragms (Structure)

In span diaphragms used on bridges with prestressed girders. Bid as each.

6.4.30 Welded Stud Shear Connectors X -Inch

Total number of shear connectors with the given diameter. Bid as each.
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6.4.31 Concrete Masonry Seal

Seal concrete bid to the nearest cubic yard. Whenever a concrete seal is shown on the
plans, then “Cofferdams (Structure)” is also to be a bid item.

6.4.32 Geotextile Fabric Type
List type of fabric. Type HR is used in conjunction with Heavy Riprap. Bid in square yards.
6.4.33 Masonry Anchors Type L No. Bars

Used when anchoring reinforcing bars into concrete. Bid as each.

6.4.34 Piling Steel Sheet Permanent Delivered or Piling Steel Sheet Permanent Driven

Record this quantity to the nearest square foot for the area of wall below cutoff.

6.4.35 Piling Steel Sheet Temporary

This quantity is used when the designer determines that retention of earth is necessary
during excavation and soil forces require the design of steel sheet piling.

Record this quantity to the nearest square foot for the area below the retained grade and one
foot above the retained grade.

Following is a list of commonly used STSP’s and Bureau of Structures Special Provisions.

6.4.36 Temporary Shoring

This quantity is used when earth retention may be required and the method chosen is the
contractor’s option.

Bid as square foot of exposed surface as shown on the plans.
6.4.37 Concrete Masonry Deck Patching

(Deck preparation areas) x 2" deck thickness.
6.4.38 Sawing Pavement Deck Preparation Areas

Use 10 lineal feet per S.Y. of Preparation Decks.

6.4.39 Removing Bearings

Used to remove existing bearings for replacement with new expansion or fixed bearing
assemblies. Bid as each.
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6.5 Production of Bridge Plans by Consultants, Regional Offices and Other
Agencies

The need for structures is determined during the Preliminary Site Survey and recorded in the
Concept Definition or Work Study Report. On Federal (FHWA) or State Aid Projects
completed Structure Survey Reports and plans are submitted to the Structures Design
Section with a copy forwarded to the Regional Office for approval prior to construction.
Structure and project numbers are assigned by the Regional Offices. In preparation of the
structural plans, the appropriate specifications and details recommended by the Structures
Design Section are to be used. If the consultant elects to modify or use details other than
recommended, approval is required prior to their incorporation into the final plans.

On all Federal or State Aid Projects involving Maintenance work, the Concept Definition or
Work Study Report, the preliminary and final bridge reconstruction plans shall be submitted
to the Structures Design Section for review.

Consultants desiring eligibility to perform engineering and related services on WisDOT
administered structure projects must have on file with the Bureau of Structures, an electronic
copy of their current Quality Assurance/Quality Control (QA/QC) plan and procedures. The
QA/QC plan and procedures shall include as a minimum:

e Procedures to detect and correct bridge design errors before the design plans are
made final.

e A means for verifying that the appropriate design calculations have been performed,
that the calculations are accurate, and that the capacity of the load-carrying members
is adequate with regard to the expected service loads of the structure.

e A means for verifying the completeness, constructability and accuracy of the structure
plans.

o Verification that independent checks, reviews and ratings were performed.

A QA/QC verification summary sheet is required as part of every final structure plan
submittal, demonstrating that the QA/QC plan and procedures were followed for that
structure. The QA/QC verification summary sheet shall include the signoff or initialing by
each individual that performed the tasks (design, checking, plan review, technical review,
etc.) documented in the QA/QC plan and procedures. The summary sheet must be submitted
with the final structure plans as part of the ESubmit process.

6.5.1 Approvals, Distribution, and Work Flow

Consultant Meet with Regional Office and/or local units of
government to determine need.

Prepare Structure Survey Report including
recommendation of structure type.

Geotechnical Consultant Make site investigation and prepare Site
Investigation Report.
Consultant Prepare Preliminary Plan documents including

scour computations for spread footings and/or
shallow pile foundations. Record scour critical
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code on preliminary plans. Refer to Chapter 8,
Appendix 8-D.

If a navigable waterway is crossed, complete
necessary Coast Guard coordination.

Submit preliminary plans and documents via
ESubmit for review and processing.

Structures Design Section Record Bridge and project numbers.
Review hydraulics for Stream Crossings.
Review Preliminary Plan.

If a railroad is involved, send a copy of
preliminary plans to the Rails & Harbors Section.

For special structure types (lift or moveable
bridges; cost greater than $10,000,000), send
preliminary plans to Federal Highway
Administration for approval.

Return preliminary plans and comments from
Structures Design Section and other appropriate
agencies to Consultant with a copy to the
Regional Office.

Forward Preliminary Plan and Hydraulic Data to
DNR.

Consultant Modify preliminary plan as required.

Prepare and complete final design and plans for
the specified structure.

Write special provisions.

At least two months in advance of the PS&E
date, submit the following via ESubmit: final
plans, special provisions, computations,
quantities, QA/QC Verification Sheet, Inventory
Data Sheet, Bridge Load Rating Summary Form,
LRFD Input File (Excel ratings spreadsheet).

Structures Design Section Determine which final plans will be reviewed and
perform review as applicable.

If a railroad is involved, send a copy of final
plans to Rails & Harbors Section.

For special structure types (lift or moveable
bridges; cost greater than $10,000,000), send
final plans to Federal Highway Administration.
For final plans that are reviewed, return
comments to Consultant and send copy to
Regional Office.

Consultant Modify final plans and specifications as required.

Submit modified final plans via ESubmit as
required.
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Structures Design Section Review modified final plans as applicable.
Sign final plans.

Bureau of Project Development Prepare final approved bridge plans for pre-
Development contract administration.

Table 6.5-1
Approvals, Distribution and Work Flow

6.5.2 Preliminary Plan Requirements
The Consultant prepares the Structure Survey Report for the improvement. Three types of
Structure Survey Reports are available at the Regional Offices and listed in 6.2.1 of this
Chapter. Preliminary layout requirements are given in 6.2.2. The Preliminary Plan exhibits
are as follows:
1. Structure Survey Report.

2. Preliminary Drawings.

3. Log Borings shown on the Subsurface Exploration Drawing which must be submitted
now and can be included with the Final Plans.

4. Evaluation Report of Borings with Values for End Bearing and/or Skin Friction.
5. Contour Map.

6. Typical Section for Roadway Approaches.

7. Plan and Profile of Approach Roadways.

8. Hydraulic Report (see Chapter 8 - Hydraulics) is required for Stream Crossing
Structures.

9. County Map showing Location of New and/or Existing Structures.

10. Any other information or Drawings which may influence Location, Layout or Design of
Structure.

The above information is also required for Box Culverts except that a separate preliminary
drawing is usually not prepared unless the Box Culvert has large wings or other unique
features.

The type of structure is usually determined by the local unit of government and the Regional
Office. However, Bureau of Structures personnel review the structure type and may
recommend that other types be considered. In this regard it is extremely important that
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preliminary designs be coordinated to avoid delays and unnecessary expense in plan
preparation.

If the final approach roadways are unpaved, detail protective armor angles at the roadway
ends of bridge decks/slabs as shown on the Standard for Strip Seal Cover Plate Details.

6.5.3 Final Plan Requirements

The guidelines and requirements for Final Plan preparation are given in 6.3. The following
exhibits are included as part of the Final Plans:

1. Final Drawings.
For all highway structures provide the maximum vehicle weight that can be safely
carried based on the procedure and vehicle configuration provided in Chapter -
Bridge Rating.

2. Design and Quantity Computations

3. Special Provisions covering unique items not in the Standard Specifications such as
Electrical Equipment, New Proprietary Products, etc.

4. QA/QC Verification Sheet

5. Inventory Data Sheet, Bridge Load Rating Summary Form, LRFD Input File (Excel
ratings spreadsheet).

On Federal or State Aid projects the contracts are let and awarded by the Wisconsin
Department of Transportation. Shop drawing review and fabrication inspection are generally
done by the Metals Fabrication and Inspection Unit. However, in some cases the consultant
may check the shop drawings and an outside agency may inspect the fabrication. The
Consultant contract specifies the scope of the work to be performed by the Consultant.
Construction supervision and final acceptance of the project are provided by the State.

6.5.4 Design Aids & Specifications

The following items are available for assistance in the preparation of structure plans on the
department internet sites:

https://on.dot.wi.gov/dtid bos/extranet/structures/LRFD/index.htm

Bridge Manual

Highway Structures Information System (HSI)
Insert sheets

Standard details

Posted bridge map

Standard bridge CADD files
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Structure survey reports and check lists
Structure costs
Structure Special Provisions

http://www.dot.wisconsin.gov/business/engrserv/index.htm

Facilities Development Manual
Standard Specifications for Highway and Structures Construction
Construction and Materials Manual

Additional information is available on the AASHTO and AREMA websites listed below:

http://bridges.transportation.org

http://www.arema.org

January 2011 6-49


http://www.dot.wisconsin.gov/business/engrserv/index.htm�
http://bridges.transportation.org/�
http://www.arema.org/�

§§§ WisDOT Bridge Manual

Yo

This page intentionally left blank.




P
i (Jyt WisDOT Bridge Manual Chapter 9 — Materials
By

Table of Contents

9.1 GNEIAI ... e nnnnnnnnnne 2
S O o g e =1 (SRR 3
9.3 ReINfOrCEMENT BAIS ... ...t e e e e e e e e e e e e e e e s nnnnneeaeeas 4
9.3.1 Development Length and Lap Splices for Deformed Bars ............ccooovvviiiiiiiiiiiiiiiennneen. 5
9.3.2 Bends and Hooks for Deformed Bars...........cc.uvveiiiieeiiiiiiiiiieeee e 6
SR G B = 1 o) = =T PRI 7
S IR = S 1= 4 o PSP 7
8 0 (== 9
9.5 MiISCellanN@ouUS MELAIS..........uiiiiiiiiiiiiiiiie e nnnn 11
8 LGN 1T o= OSSPSR 12
9.7 Miscellaneous MaterialS...........oou i ittt eenneeeneeeneennnnnnnnnnnnnees 13
8 IR I =11 11 Vo 15
9.9 Bar Tables and FIQUIES.........uiiii ittt s e e e e e e e e e e e e e e e e eneaan e e e eaaees 17

January 2011 9-1



60N,

§@'§ WisDOT Bridge Manual Chapter 9 — Materials

Yo

9.1 General

The Wisconsin Standard Specifications for Highway and Structure Construction (hereafter
referred to as Standard Specifications) contains references to ASTM Specifications or
AASHTO Material Specifications which provide required properties and testing standards for
materials used in highway structures. The service life of a structure is dependent upon the
quality of the materials used in its construction as well as the method of construction. This
chapter highlights applications of materials for highway structures and their properties.

In cases where proprietary products are experimentally specified, special provisions are
written which provide material properties and installation procedures. Manufacturer's
recommendations for materials, preparation and their assistance during installation may also
be specified.

Materials that are proposed for incorporation into highway structure projects performed under
the jurisdiction of the Wisconsin Department of Transportation (WisDOT) may be approved
or accepted by a variety of procedures:

e Laboratory testing of materials that are submitted or samples randomly selected.

Inspection and/or testing at the source of fabrication or manufacture.
¢ Inspection and/or testing in the field by WisDOT regional personnel.

o Manufacturer’'s certificate of compliance and/or manufacturer’s certified report of test
or analysis, either as sole documentation for acceptance or as supplemental
documentation.

¢ Inspection, evaluation and testing in the normal course of project administration of
material specifications.

e Some products are on approved lists or from fabricators, manufacturers, and certified
sources approved by WisDOT. Lists of approved suppliers, products, and certified
sources are located at www.atwoodsystems.com/materials.

The Wisconsin Construction and Materials Manual (CMM) contains a description of
procedures for material testing and acceptance requirements in Chapter 45, Section 25.
Materials, unless otherwise permitted by the specifications, cannot be incorporated in the
project until tested and approved by the proper authority.
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9.2 Concrete

Concrete is used in many highway structures throughout Wisconsin. Some structure types
are composed entirely of concrete, while others have concrete members. Different concrete
compressive strengths (f;) are used in design and depend on the structure type or the
location of the member. Compressive strengths are verified by cylinder tests done on
concrete samples taken in the field. The Standard Specifications describe the requirements
for concrete in Section 501.

Some of the concrete structure types/members and their design strengths for new projects
are:

o Decks, Diaphragms, Overlays, Curbs, Parapets, Medians, Sidewalks and Concrete
Slab Bridges  (f. = 4 ksi)

e Other cast-in-place structures such as Culverts, Cantilever Retaining Walls and
Substructure units  (f; = 3.5 ksi)

o Other types of Retaining Walls (f. - values as specified in Chapter 14)
o Prestressed “I” girders (. = 6 to 8 ksi)

o Prestressed “Slab and Box” sections  (f. = 5 ksi)

o Prestressed Deck Panels  (f; = 6 ksi)

Grade “E” concrete (Low Slump Concrete) is used in overlays for decks and slabs as stated
in Section 509.2.

The modulus of elasticity of concrete, E. , is a function of the unit weight of concrete and its
compressive strength LRFD [5.4.2.4]. For a unit weight of 0.150 kcf, the modulus of elasticity
is:

fe=3.5ksi ; E;=3600 ksi
fe=4ksi ; Ec= 3800 ksi

For prestressed concrete members, the value for E. is based on studies in the field and is
calculated as shown in 19.3.3.8.

The modulus of rupture for concrete, f,, is a function of the concrete strength and is described
in LRFD [5.4.2.6]. The coefficient of thermal expansion for normal weight concrete is 6 x 10°
in/in/°F per LRFD [5.4.2.2].

Air entraining admixture is added to concrete to provide durability for exposure to freeze and
thaw conditions. Other concrete admixtures used are set retarding and water reducing
admixtures. These are covered in Section 501 of the Standard Specifications.
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9.3 Reinforcement Bars

Reinforced concrete structures and concrete members are designed using Grade 60
deformed bar steel with a minimum yield strength of 60 ksi. The modulus of elasticity, E , for
steel reinforcing is 29,000 ksi. Reinforcement may be epoxy coated and this is determined by
its location in the structure as described below. Adequate concrete cover and epoxy coating
of reinforcement contribute to the durability of the reinforced concrete structure. The
Standard Specifications describe the requirements for steel reinforcement and epoxy coating
in Section 505.

Epoxy coated bars shall be used for both top and bottom reinforcement on all new decks,
deck replacements, concrete slab superstructures and top slab of culverts (with no fill on
top). They shall be used in other superstructure elements such as curbs, parapets, medians,
sidewalks, diaphragms and pilasters. Some of the bars in prestressed girders are epoxy
coated and are specified in the Chapter 19 - Standards.

Use epoxy coated bar steel on all piers detailed with expansion joints and on all piers at
grade separations. Use epoxy coated bars down to the top of the footing elevation.

At all abutments, epoxy coated bars shall be used for parapets on wing walls. For A3/A4
abutments use epoxy coated bars for the paving block and the abutment backwall, and for
A1(fixed) coat the dowel bars. For all abutments use epoxy coated bars in the wing walls.

Welding of bar steel is not permitted unless approved by the Bureau of Structures or used in
an approved butt splice as stated in Section 505.3.3.3 of the Standard Specifications. Test
results indicate that the fatigue life of steel reinforcement is reduced by welding to them.
Supporting a deck joint by welding attachments to the bar steel is not permitted. The bar
steel mat does not provide adequate stiffness to support deck joints or similar details during
the slab pour and maintain the proper joint elevations.

The minimum and maximum spacing of reinforcement, and spacing between bar layers is
provided in LRFD [5.10.3.1, 5.10.3.2]. Use minimum and maximum values shown on
Standards where provided.

Bridge plans show the quantity of bar steel required for the structure. Details are not provided
for bar chairs or other devices necessary to support the reinforcement during the placement
of the concrete. This information is covered by the Standard Specifications in Section 505.3.4
and these devices are part of the bid quantity.

Reinforcement for shrinkage and temperature stresses shall be provided near surfaces of
concrete as stated in LRFD [5.10.8].

When determining the anchorage requirements for bars, consider the bar size, the
development length for straight bars and the development length for standard hooks. Note in
Table 9.9-1 and Table 9.9-2 that smaller bars require considerably less development length
than larger bars and the development length is also less if the bar spacing is 6 inches or
more. By detailing smaller bars to get the required area and providing a spacing of 6 inches
or more, less steel is used. Bar hooks can reduce the required bar development lengths,
however the hooks may cost more to fabricate. In cases such as footings for columns or
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11.1 General

11.1.1 Overall Design Process

The overall foundation support design process requires an iterative collaboration to provide
cost-effective constructible substructures. Input is required from multiple disciplines including,
but not limited to, structural and geotechnical design. For a typical bridge design, the
following four steps are required (see 6.2):

1.

Structure Survey Report (SSR) — This design step results in a very preliminary
evaluation of the structure type and approximate location of substructure units,
including a preliminary layout plan.

Site Investigation Report — Based on the Structure Survey Report, a site investigation
is required, including test borings to determine foundation requirements. A hydraulic
analysis is also performed at this time, if required, to assess scour potential and
maximum scour depth. The Site Investigation Report and Subsurface Exploration
Drawing are used to identify known constraints that would affect the foundations in
regard to type, location or size and includes foundation recommendations to support
detailed structural design. Certain structure sites/types may require the preliminary
structure plans (Step 3) prior to initiating the geotechnical site investigation. One
example of this is a multi-span structure over water. See 6.2 for more information.

Preliminary Structure Plans — This design step involves preparation of a general plan,
elevation, span arrangement, typical section and cost estimate for the new bridge
structure. The Site Investigation Report is used to identify possible poor foundation
conditions and may require modification of the structure geometry and span
arrangement. This step may require additional geotechnical input, especially if
substructure locations must be changed.

Final Contract Plans for Structures — This design step culminates in final plans,
details, special provisions and cost estimates for construction. The Subsurface
Exploration sheets are part of the Final Contract Plans. Unless design changes are
required at this step, additional geotechnical input is not typically required to prepare
foundation details for the Final Contract Plans.

11.1.2 Foundation Type Selection

The following items need to be assessed to select site-specific foundation types:

Magnitude and direction of loading.
Depth to suitable bearing material.
Potential for liquefaction, undermining or scour.

Frost potential.

January 2011 11-4



B0,

§£8('g WisDOT Bridge Manual Chapter 11 — Foundation Support

OF TR

R, =9S,A,
Where:
Rop = Point resistance capacity (tons)
Sy = Undrained shear strength of the cohesive soil near the pile base
(tsf)
A, = Pile end area (feet?)

This equation represents the maximum value of point resistance for cohesive soil. This value
is often assumed to be zero because substantial movement of the pile tip (1/10 of the pile
diameter) is needed to mobilize point resistance capacity. This amount of tip movement
seldom occurs after installation.

A point resistance (or end bearing) pile surrounded by soil is not a structural member like a
column. Both experience and theory demonstrate that there is no danger of a point
resistance pile buckling due to inadequate lateral support if it is surrounded by even the very
softest soil. Therefore, pile stresses can exceed column stresses. Exposed pile bent piles
may act as structural columns.

11.3.1.15.3 Group Capacity

The nominal resistance capacity of pile groups may be less than the sum of the individual
nominal resistances of each pile in the group for friction piles founded in cohesive soil. For
pile groups founded in cohesive soil, the pile group must be analyzed as an equivalent pier
for block failure in accordance with LRFD [10.7.3.9]. WisDOT no longer accepts the
Converse-Labarre method of analysis to account for group action. If the pile group is tipped
in a firm stratum overlying a weak layer, the weak layer should be checked for possible
punching failure in accordance with LRFD [10.6.3.1.2a]. Experience in Wisconsin indicates
that in most thixotropic clays where piles are driven to a hammer bearing as determined by
dynamic formulas, pile group action is not the controlling factor to determine pile resistance
capacity. For pile groups in sand, the sum of the nominal resistance of the individual piles
always controls the group resistance.

11.3.1.16 Lateral Load Resistance

Structures supported by single piles or pile groups are frequently subjected to lateral forces
from lateral earth pressure, live load forces, wave action, ice loads and wind forces. Piles
subjected to lateral forces must be designed to meet combined stress and deflection criteria
to prevent impairment or premature failure of the foundation or superstructure. To solve the
soil-structure interaction problems, the designer must consider the following:

e Pile group configuration.

¢ Pile stiffness.
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o Degree of fixity at the pile connection with the pile footing.

¢ Maximum bending moment induced on the pile from the superstructure load and
moment distribution along the pile length.

¢ Probable points of fixity near the pile tip.
e Soil response (P-y method) for both the strength and service limit states.
o Pile deflection permitted by the superstructure at the service limit state.

If a more detailed lateral load investigation is desired, a P-y analysis is typically performed
using commercially available software such as COM624P, FB Multi-Pier or L-Pile. A
resistance factor is not applied to the soil response when performing a P-y analysis using
factored loads since the soil response represents a nominal (ultimate) condition. For a more
detailed analysis of lateral loads and displacements, refer to the listed FHWA design
references or a geotechnical engineering book.

WisDOT policy item:

A detailed analysis is required for the lateral resistance of piles used in A3 and A4 abutments.

11.3.1.17 Other Design Considerations

Several other topics should be considered during design, as presented below.

11.3.1.17.1 Downdrag Load

Negative shaft resistance (downdrag) results in the soil adhesion forces pulling down the pile
instead of the soil adhesion forces resisting the applied load. This can occur when settlement
of the soil through which the piling is driven takes place. It has been found that only a small
amount of settlement is necessary to mobilize these additional pile (drag) loads. This
settlement occurs due to consolidation of softer soil strata caused by such items as
increased embankment loads (due to earth fill) or a lowering of the existing ground water
elevation. The nominal pile resistance available to support structure loads plus downdrag
shall be estimated by considering only the positive skin and tip resistance below the lowest
layer acting to produce negative skin resistance. When this condition is present, the designer
may provide time to allow consolidation to occur before driving piling or LRFD [10.7.3.8.6]
may be used to estimate the available pile resistance to withstand the downdrag plus
structure loads. Other alternatives are to preauger the piling, drive the pile to bearing within a
permanent pipe sleeve that is placed from the base of the substructure unit to the bottom of
the soft soil layer(s), coat the pile with bitumen above the compressible soil strata or use
proprietary materials to encase the piles (within fill constructed after the piling is installed).
The Department has experienced problems with bitumen coatings.

The factored axial compression resistance values given for H-piles in Table 11.3-5 are
conservative and based on Departmental experience to avoid overstressing during driving.
For H-piles in end bearing, loading from downdrag is allowed in addition to the normal pile

January 2011 11-34




B0,

§£8('g WisDOT Bridge Manual Chapter 11 — Foundation Support

OF TR

loading since this is a post-driving load. Use the values given in Table 11.3-5 and design
piling as usual. Additionally, up to 45, 60, and 105 tons downdrag for HP 10x42, HP 12x53,
and HP 14x73 piles respectively is allowed.

11.3.1.17.2 Lateral Squeeze

Lateral squeeze as described in LRFD [10.7.2.6] occurs when pile supported abutments are
constructed on embankments and/or MSE walls over soft soils. Typically, the piles are
installed prior to completion of the embankment and/or MSE wall, and therefore are
potentially subject to subsurface soil instability. If the embankment and/or MSE wall has a
marginal factor of safety with regards to slope stability, then lateral squeeze has the potential
to laterally deflect the piles and tilt the abutment. Typically, if the shear strength of the
subsurface soil is less than the height of the embankment times the unit weight of the
embankment divided by three, then damage from lateral squeeze could be expected.

If this is a potential problem, the following are the recommended solutions from the FHWA
Design and Construction of Driven Piles Manual:

1. Delay installation of abutment piling until after settlement has stabilized (best
solution).

2. Provide expansion shoes large enough to accommodate the movement.

3. Use steel H-piles strong enough and rigid enough to provide both adequate strength
and deflection control.

4. Use lightweight fill to reduce driving forces.

11.3.1.17.3 Uplift Resistance

Uplift forces may also be present, both permanently and intermittently, on a pile system.
Such forces may occur from hydrostatic uplift or cofferdam seals, ice uplift resulting from ice
grip on piles and rising water, wind uplift due to pressures against high structures or frost
uplift. In the absence of pulling test data, the resistance factors from Table 11.3-1 should be
used to determine static uplift resistance. Generally, the type of pile with the largest
perimeter is the most efficient in resisting uplift forces.

11.3.1.17.4 Pile Setup and Relaxation

The nominal resistance of a deep foundation may change over time, particularly for driven
piles. The nominal resistance may increase (setup) during dissipation of excess pore
pressure, which developed during pile driving, as soil particles reconsolidate after the soil
has been remolded during driving. The shaft resistance may decrease (relaxation) during
dissipation of negative pore pressure, which was induced by physical displacement of soil
during driving. If the potential for soil relaxation is significant, a non-displacement pile is
preferred over a displacement type pile. Relaxation may also occur as a result of a
deterioration of the bearing stratum following driving-induced fracturing, especially for point-
bearing piles founded on non-durable bedrock. Relaxation is generally associated with
densely compacted granular material.
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Pile setup has been found to occur in some fine-grained soil in Wisconsin. Pile setup should
not be included in pile design unless pre-construction load tests are conducted to determine
site-specific setup parameters. The benefits of obtaining site-specific setup parameters could
include shortening friction piles and reducing the overall foundation cost. Pile driving
resistance would need to be determined at the end of driving and again later after pore
pressure dissipation. Restrike tests involve additional taps on a pile after the pile has been
driven and a waiting period (generally 24 to 72 hours) has elapsed. The dynamic monitoring
analysis are used to predict resistance capacity and distribution over the pile length.

CAPWAP(CAse Pile Wave Analysis Program) is a signal matching software. CAPWAP uses
dynamic pile force and velocity data to discern static and dynamic soil resistance, and then
estimate static shaft and point resistance for driven pile. Pile top force and velocity are
calculated based on strain and acceleration measurements during pile driving, with a pile
driving analyzer (PDA). CAPWAP is based on the wave equation model which characterizes
the pile as a series of elastic beam elements, and the surrounding soil as plastic elements
with damping (dynamic resistance) and stiffness (static resistance) properties.

Typically, a test boring is drilled and a static load test is performed at test piles where pile
setup properties are to be determined. Typical special provisions have been developed for
use on projects incorporating aspects of pile setup. Pile setup is discussed in greater detail in
FHWA Publication NHI-05-042, Design and Construction of Driven Pile Foundations.

Restrike tests with an impact hammer can be used to identify change in pile resistance due
to pile setup or relaxation. Restrike is typically performed by measuring pile penetration
during the first 10 blows by a warm hammer. Due to setup, it is possible that the hammer
used for initial driving may not be adequate to induce pile penetration and a larger hammer
may be required to impart sufficient energy for restrike tests. Only warm hammers should be
used for restrikes by first applying at least 20 blows to another pile.

Restrike tests with an impact hammer must be used to substantiate the resistance capacity
and integrity of pile that is initially driven with a vibratory hammer. Vibratory hammers may be
used with approval of the engineer. Other than restrikes with an impact hammer, no formula
exists to reliably predict the resistance capacity of a friction pile that is driven with a vibratory
hammer.

11.3.1.17.5 Drivability Analysis

In order for a driven pile to develop its design geotechnical resistance, it must be driven into
the ground without damage. Stresses developed during driving often exceed those
developed under even the most extreme loading conditions. The critical driving stress may
be either compression, as in the case of a steel H-pile, or tension, as in the case of a
concrete pile.

Drivability is treated as a strength limit state. The geotechnical engineer will perform the
evaluation of this limit state during design based on a preliminary dynamic analysis using
wave equation techniques. These techniques are used to document that the assumed pile
driving hammers are capable of mobilizing the required nominal (ultimate) resistance of the
pile at driving stress levels less than the factored driving resistance of the pile. Drivability can
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often be the controlling strength limit state check for a pile foundation. This is especially true
for high capacity piles driven to refusal on rock.

Drivability analysis is required by LRFD [10.7.8]. A drivability evaluation is needed because
the highest pile stresses are usually developed during driving to facilitate penetration of the
pile to the required resistance. However, the high strain rate and temporary nature of the
loading during pile driving allow a substantially higher stress level to be used during
installation than for service. The drivability of candidate pile-hammer-system combinations
can be evaluated using wave equation analyses.

As stated in the 2004 FHWA Design and Construction of Driven Pile Foundations Manual:

“The wave equation does not determine the capacity of the pile based on soil boring
data. The wave equation calculates a penetration resistance for an assumed ultimate
capacity, or conversely it assigns estimated ultimate capacity to a pile based upon a field
observed penetration resistance.”

“The accuracy of the wave equation analysis will be poor when either soil model or soil
parameters inaccurately reflect the actual soil behavior, and when the driving system
parameters do not represent the state of maintenance of hammer or cushions.”

The following presents potential sources of wave equation errors.

e Hammer Data Input, Diesel Hammers

e Cushion Input

o Soil Parameter Selection
LRFD [C10.7.8] states that the local pile driving results from previous drivability analyses
and historical pile driving experience can be used to refine current drivability analyses.
WisDOT recommends using previous pile driving records and experience when performing
and evaluating drivability analyses. These correlations with past pile driving experience
allow modifications of the input values used in the drivability analysis, so that results agree

with past construction findings.

Driving stress criteria are specified in the individual LRFD material design sections and
include limitations of unfactored driving stresses in piles based on the following:

¢ Yield strength in steel piles, as specified in LRFD [6.4.1]
o Ultimate compressive strength of the gross concrete section, accounting for the
effective prestress after losses for prestressed concrete piles loaded in tension or

compression, as specified in LRFD [5.7.4.4]

Though there are a number of ways to assess the drivability of a pile, the steps necessary to
perform a drivability analysis are typically as follows:
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1. Estimate the total resistance of all soil layers. This may include layers that are not
counted on to support the completed pile due to scour or potential downdrag, but will
have to be driven through. WisDOT recommends using the values for quake and
damping provided in the FHWA Design and Construction of Driven Pile Foundations
Manual.

In addition, the soil resistance parameters should be reduced by an appropriate value
to account for the loss of soil strength during driving. The following table provides
some guidelines based on Table 9-19 of the FHWA Design and Construction of
Driven Pile Foundations Manual:
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Recommended Soil Set Up Percentage Loss of Soil
Soil Type Factor’ Strength during Driving
Clay 2.0 50 percent
Silt — Clay 1.5% 33 percent
Silt 1.5 33 percent
Sand — Clay 1.5 33 percent
Sand - Silt 1.2 17 percent
Fine Sand 1.2 17 percent
Sand 1.0 0 percent
Sand - Gravel 1.0 0 percent
Notes:
1. Confirmation with local experience recommended
2. The value of 1.5 is higher than the FHWA Table 9-19 value of 1.0 based upon
WisDOT experience.

Table 11.3-4
Soil Resistance Factors

Incorporation of loss of soil strength and soil set-up should only be accounted for in
the pile drivability analyses. Typically, WisDOT does not include set-up in static pile
design analyses.

Select a readily available hammer. The following hammers have been used by
Wisconsin Bridge Contractors: Delmag D-12-42, Delmag D-12-32, Delmag D-12,
Delmag D-15, Delmag D-16-32, Delmag D-19, Delmag D-19-32, Delmag D-19-42,
Delmag D-25, Delmag D-30-32, Delmag D-30, Delmag D-36, MKT-7, Kobe K-13,
Gravity Hammer 5K.

Model the driving system, soil and pile using a wave equation program. The driving
system generally includes the pile-driving hammer, and elements that are placed
between the hammer and the top of pile, which include the helmet, hammer cushion,
and pile cushion (concrete piles only). Pile splices are also modeled. Compute the
driving stress using the drivability option for the wave equation, which shows the pile
compressive stress an blow counts versus depth for the given soil profile.

Determine the permissible driving stress in the pile. During the design stage, it is
often desirable to select a lower driving stress than the maximum permitted. This will
allow the contractors greater flexibility in hammer selection. WisDOT generally limits
driving stress to 90 percent of the steel yield strength

Evaluate the results of the drivability analysis to determine a reasonable blow count
(that is, ranges from 25 blows per foot to 120 blows per foot) associated with the
permissible driving stress.
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The goal of the drivability study is to evaluate the potential for excessive driving stresses and
to determine that the pile/soil system during driving will result in reasonable blow counts.
The drivability study is not intended to evaluate the ultimate pile capacity or establish plan
lengths. If the wave equation is used to set driving criteria, then contact the Bureau of
Technical Services, Foundation and Pavement Unit to discuss the proper procedures.

11.3.1.17.6 Scour

During design, estimated pile lengths are increased to compensate for scour loss. The scour
depth is estimated and used to compute the estimated shaft resistance that is lost over the
scour depth (exposed pile length). The required pile length is then increased to compensate
for the resistance capacity that is lost due to scour. The pile length is increased based on the
following equation:

Rn = Rn—stat + Rn—scour

Where:
R, = Nominal shaft resistance capacity, adjusted for scour effect (tons)
Rn-stat = Nominal shaft resistance based on static analysis, without scour
consideration (tons)
Ri-scour = Nominal shaft resistance lost (negative value) over the exposed pile

length due to scour (tons)

WisDOT policy item:

If there is potential for scour at a site, it is WisDOT policy to account for the loss of pile
resistance from the material within the scour depth. The designer must not include any
resistance provided by this material when determining the nominal pile resistance. Since the
material within the scour depth may be present during pile driving operations, the additional
resistance provided by this material shall be included when determining the required driving
resistance. The designer should also consider minimum pile tip elevation requirements.

11.3.1.17.7 Typical Pile Resistance Values

Table 11.3-5 shows the typical pile resistance values for several pile types utilized by the
Department. The table shows the Nominal Axial Compression Resistance (Pn), which is a
function of the pile materials, the Factored Axial Compression Resistance (Pr), which is a
function of the construction procedures, and the Required Driving Resistance, which is a
function of the method used to measure pile capacity during installation. The bridge designer
uses the Factored Axial Compression Resistance to determine the number and spacing of
the piles. The Required Driving Resistance is placed on the plans. See 6.3.2.1-7 for details
regarding plan notes.
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Nominal Factored
Axial Axial Required
Concrete | Compression Compression Driving
or Steel Resistance Resistance Resistance
Shell Area (Pn) Resistance (Pr) Resistance (Rngyn)
Pile | Thickness | (Agor As) (tons) Factor (tons) Factor (tons)
Size | (inches) (in) (2)(3)(6) (9) 4) Payn (5)
Cast in Place Piles
10%“ | 0.219 83.5 99.4 0.75 55® 0.5 110
10%" | 0.250 82.5 98.2 0.75 65® 0.5 130
10%“ | 0.365 78.9 93.8 0.75 75 0.5 150
10%“ | 0.500 74.7 88.8 0.75 759 0.5 150
12%” | 0.250 118.0 140.4 0.75 80® 0.5 160
12%” | 0.375 113.1 134.6 0.75 105 0.5 210
12%” | 0.500 108.4 129.0 0.75 105 0.5 210
14” 0.250 143.1 170.3 0.75 85® 0.5 170
14” 0.375 137.9 164.1 0.75 120 0.5 240
14” 0.500 132.7 158.0 0.75 120© 0.5 240
H-Piles
10x42 |  NAWD 12.4 310.0 0.50 9019 0.5 180
12x53 | NAD 15.5 387.5 0.50 110019 0.5 220
14x73 |  NAWD 21.4 535.0 0.50 12519 0.5 250
Table 11.3-5
Typical Pile Resistance Values
Notes
1. NA - not applicable
2. For CIP Piles: Pn =0.8 (0.85*fc * Ag + fy * As) LRFD [5.5.4.2.1]. Neglecting the
steel shell, equation reduces to 0.68 * f'c * Ag.
f'c = compressive strength of concrete = 3,500 psi
3. For H-Piles: Pn=0.66"* Fy * As (A = 0 for piles embedded below the substructure)

fy = yield strength of steel = 50,000 psi
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4.

5.

10.

Pr=¢*Pn
¢ = 0.75 (LRFD [5.5.4.2.1] for axial compression concrete)
¢ = 0.50 (LRFD [6.5.4.2] for axial steel, for difficult driving conditions)
The Required Driving Resistance is the lesser of the following:
e Rngyn = Pr/ @gyn

¢ayn = 0.5 (LRFD [Table 10.5.5.2.3-1] for construction driving criteria
using modified Gates dynamic formula)

e The maximum allowable driving stress based on 90 percent of the specified
yield stress = 35,000 psi for CIP piles and 50,000 psi for H-Piles

Values for Axial Compression Resistance are calculated assuming the pile is fully
supported. Piling not in the ground acts as an unbraced column. Calculations verify
that the pile values given in Table 11.3-5 are valid for open pile bents within the
limitations described in 13.2.2. Cases of excessive scour require the piling to be
analyzed as unbraced columns above the point of streambed fixity.

If less than the maximum axial resistance, P,, is required by design, state only the
required corresponding driving resistance on the plans.

The Factored Axial Compression Resistance is controlled by the maximum allowable
driving resistance based on 90 percent of the specified yield stress of steel rather
than concrete capacity.

Values were rounded up to the value above so as to not penalize the capacity of the
thicker walled pile of the same diameter. (Wisconsin is conservative in not
considering the pile shell in the calculation of the Factored Axial Compression
Resistance.)

Pr values given for H-Piles are representative of past Departmental experience
(rather than Pn x @) and are used to avoid problems associated with overstressing
during driving. These Pr values result in driving stresses much less than 90 percent
(46%-58%) of the specified yield stress. If other H-Piles are utilized that are not
shown in the table, driving stresses should be held to approximately this same range.

11.3.1.18 Construction Considerations

Construction considerations generally include selection of pile hammers, use of driving
formulas and installation of test piles, when appropriate, as described below.
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11.3.1.18.1 Pile Hammers

Pile driving hammers are generally powered by compressed air, steam pressure or diesel
units. The diesel hammer, a self-contained unit, is the most popular due to its compactness
and adoption in most construction codes. Also, the need for auxiliary power is eliminated and
the operation cost is nominal. Vibratory and sonic type hammers are employed in special
cases where speed of installation is important and/or noise from impact is prohibited. The
vibrating hammers convert instantly from a pile driver to a pile extractor by merely tensioning
the lift line.

Pile hammers are raised and allowed to fall either by gravity or with the assistance of power.
If the fall is due to gravity alone, the hammer is referred to as single-acting. The single-acting
hammer is suitable for all types of soil but is most effective in penetrating heavy clays. The
major disadvantage is the slow rate of driving due to the relatively slow rate of blows from 50
to 70 per minute. Wisconsin construction specifications call for a minimum hammer weight
depending on the required final bearing value of the pile being driven. In order to avoid
damage to the pile, the fall of the gravity hammer is limited to 10 feet.

If power is added to the downward falling hammer, the hammer is referred to as double-
acting. This type of hammer works best in sandy soil but also performs well in clay. Double-
acting hammers deliver 100 to 250 blows per minute, which increases the rate of driving
considerably over the single-acting hammers. Wisconsin construction specifications call for a
rated minimum energy of 15 percent of the required bearing of the pile. A rapid succession of
blows at a high velocity can be extremely inefficient, as the hammer bounces on heavy piles.

Differential-acting hammers overcome the deficiencies found with both single- and double-
acting hammers by incorporating higher frequency of blows and more efficient transfer of
energy. The steam cycle, which is different from that of any other hammer, makes the lifting
area under the piston independent of the downward thrusting area above the piston.
Sufficient force can be applied for lifting and accelerating these parts without affecting the
dead weight needed to resist the reaction of the downward acceleration force. The maximum
delivered energy per blow is the total weight of the hammer plus the weight of the downward
steam force times the length of the stroke.

The contractor’s selection of the pile hammer is generally dependent on the following:

e The hammer weight and rated energy are selected on the basis of supplying the
maximum driving force without damaging the piles.

o The hammer types dictated by the construction specification for the given pile type.
e The hammer types available to the contractor.

e Special situations, such as sites adjacent to existing buildings, that require
consideration of vibrations generated from the driving impact or noise levels. In these
instances, reducing the hammer size or choosing a double-acting hammer may be
preferred over a single-acting hammer. Impact hammers typically cause less ground
vibration than vibratory hammers.
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e The subsurface conditions at the site.

e The required final resistance capacity of the pile.

WisDOT specifications require the heads of all piling to be protected by caps during driving.
The pile cap serves to protect the pile, as well as modulate the blows from the hammer which
helps eliminate large inefficient hammer forces. When penetration-per-blow is used as the
driving criteria, constant cap-block material characteristics are required. The cap-block
characteristics are also assumed to be constant for all empirical formula computations to
determine the rate of penetration equivalent to a particular dynamic resistance.

11.3.1.18.2 Driving Formulas

Formulas used to estimate the bearing capacity of piles are of four general types — empirical,
static, dynamic and wave equation.

Empirical formulas are based upon tests under limited conditions and are not suggested for
general use.

Static formulas are based on soil stresses and try to equate shaft resistance and point
resistance to the load-bearing capacity of the piles.

Dynamic pile driving formulas assume that the kinetic energy imparted by the pile hammer is
equal to the nominal pile resistance plus the energy lost during driving, starting with the
following relationship:

Energy input = Energy used + Energy lost

The energy used equals the driving resistance multiplied by the pile movement. Thus, by
knowing the energy input and estimating energy losses, driving resistance can be calculated
from observed pile movement. Numerous dynamic formulas have been proposed. They
range from the simpler Engineering News Record (ENR) Formula to the more complex Hiley
Formula. A modified Engineering News Formula was previously used by WisDOT to
determine pile resistance capacity during installation. All new designs shall use the modified
Gates or WAVE equation for determining the required driving resistance.

The following modified FHWA-Gates Formula is used by WisDOT:

R, = ¢,. R, = 9,.(0.875(,) " log,(10/s)-50)
Where:
Rr = Factored pile resistance (tons)
Ppn = Resistance factor = 0.5 LRFD [Table 10.5.5.2.3-1]
Rhar = Nominal pile resistance measured during pile driving (tons)
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s = Average penetration in inches per blow for the final 10 blows

(inches/blow)

Because of the difficulty of evaluating the many energy losses involved with pile driving,
these dynamic formulas can only approximate pile driving resistance. These approximate
results can be used as a safe means of determining pile length and bearing requirements.
Despite the obvious limitations, the dynamic pile formulas take into account the best
information available and have considerable utility to the engineer in securing reasonably
safe and uniform results over the entire project.

The wave equation can be used to set driving criteria to achieve a specified pile bearing
capacity (contact the Bureau of Technical Services, Geotechnical Unit prior to using the
wave equation to set the driving criteria). The wave equation is based upon the theory of
longitudinal wave transmission. This theory, proposed by Saint Venant a century ago, did not
receive widespread use until the advent of computers due to its complexity. The wave
equation can predict impact stresses in a pile during driving and estimate static soil
resistance at the time of driving by solving a series of simultaneous equations. An advantage
of this method is that it can accommodate any pile shape, as well as any distribution of pile
shaft resistance and point resistance. The effect of the hammer and cushion block can be
included in the computations.

Dynamic monitoring is performed by a Pile Driving Analyzer (PDA). WisDOT uses the PDA to
evaluate the driving criteria, which is set by a wave equation analysis, and in an advisory
capacity for evaluating if sufficient pile penetration is achieved, if pile damage has occurred
or if the driving system is performing satisfactorily.

The PDA provides a method of dynamic pile testing both for pile design and construction
control. Testing is accomplished during pile installation by attaching reusable strain
transducers and accelerometers directly on the pile. Piles can be tested while being driven or
during restrike. The instrumentation mounted on the pile allows the measurement of force
and acceleration signals for each hammer blow. This data is transmitted to a small field
computer for processing and recording on a magnetic data tape for a permanent record.
Data is also fed into an oscilloscope to observe the dynamic response of the pile to driving.
Calculations made by the computer based upon one-dimensional wave mechanics provide
an immediate printout of maximum stresses in the pile, energy transmitted to the pile and a
prediction of the nominal axial resistance of the pile for each hammer impact. Monitoring of
the force and velocity wave traces with the oscilloscope during driving also enables detection
of any structural pile damage that may have occurred. Printouts of selected force and
velocity wave traces are also made to provide additional testing documentation. The PDA
can be used on all types of driven piles with any impact type of pile-driving hammer but is
most often used for displacement piles.

11.3.1.18.3 Field Testing

Test piles are employed at a project site for two purposes:
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e For test driving, to determine the length of pile required prior to placing purchasing
orders.

o For load testing, to verify actual pile capacity versus design capacity for nominal axial
resistance.

11.3.1.18.3.1 Installation of Test Piles

Test piles are not required for spliceable types of piles. Previous experience indicates that
contractors typically order total plan quantities for cast-in-place or steel H-piling in 60-foot
lengths. The contractor uses one of the driven structure piles as a test pile at each
designated location.

Test piling should be driven near the location of a soil boring where the soil characteristics
are known and representative of the most unfavorable conditions at the site. The test pile
must be exactly the same type and dimension as the piles to be used in the construction and
installed by the same equipment and manner of driving. A penetration record is kept for
every 1 foot of penetration for the entire length of pile. This record may be used as a guide
for future pile driving on the project. Any subsequent pile encountering a smaller resistance is
considered as having a smaller nominal resistance capacity than the test pile.

11.3.1.18.3.2 Static Load Tests

A pile load test is usually conducted to furnish information to the geotechnical engineer to
develop design criteria or to obtain test data to substantiate nominal resistance capacity for
piles. A load test is the only reliable method of determining the nominal bearing resistance of
a single pile, but it is expensive and can be quite time consuming. The decision to embark on
an advance test program is based upon the scope of the project and the complexities of the
foundation conditions. Such test programs on projects with large numbers of displacement
piling often result in substantial savings in foundation costs, which can more than offset the
test program cost. WisDOT has only performed a limited number of pile load tests on similar
type projects.

Pile load testing generally involves the application of a direct axial load to a single vertical
pile. However, load testing can involve uplift or axial tension tests, lateral tests applied
horizontally, group tests or a combination of these applied to battered piles. Most static test
loads are applied with hydraulic jacks reacting against either a stable loaded platform or a
test frame anchored to reaction piles.

The basic information to be developed from the pile load test is usually the deflection of the
pile head under the test load. Movement of the head is caused by elastic deformation of the
piles and the soil. Soil deformation may cause undue settlement and must be guarded
against. The amount of deformation is the significant value to be obtained from load tests,
rather than the total downward movement of the pile head. Load tests are typically performed
by loading to a given deflection value.

It is impractical to test every pile on a project. Therefore, test results can be applied to other
piles or pile groups providing that the following conditions exist:
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e The other piles are of the same type, material and size as the test piles.
e Subsoil conditions are comparable to those at the test pile locations.

¢ Installation methods and equipment used are the same as, or comparable to, those
used for the test piles.

e Piles are driven to the same penetration depth or resistance or both as the test piles
to compensate for variations in the vertical position and density of the bearing strata.

11.3.2 Drilled Shafts
11.3.2.1 General

Drilled shafts are generally large diameter, cast-in-place, open ended, cased concrete piles
which are designed to carry extremely heavy loads. Drilled shafts can be the most
economical foundation alternative at sites where foundation loads are carried to bearing on
dense strata or bedrock. They are also cost effective in water crossings with very shallow
bedrock, where cofferdams are difficult or expensive to construct, and where high
overturning moments must be resisted.

Drilled shafts are installed by removing soil and rock using drilling methods or other
excavation techniques and constructing the foundation element in the excavated hole. The
excavated hole may be supported using temporary or permanent casing, drilling slurry or
other methods. The hole is then filled with a reinforcement cage and cast-in-place concrete.
Drilled shafts are non-displacement elements since the soil volume required for the element
is physically removed prior to installation. Thus the effective normal stress adjacent to the
pile remains unchanged or is reduced (due to expansion of the soil into the hole before
insertion/construction of the load bearing element), and the soil properties and pore water
pressure adjacent to the foundation elements are not significantly impacted.

Because drilled shafts do not require a hammer for installation and do not displace the soil,
they typically have much less impact on adjacent structures. Depending on the excavation
technique used, they can penetrate significant obstructions. Because the method of
construction often allows a decrease in the effective stress immediately adjacent to and
beneath the tip of the foundation element, the resistance developed will often be less than an
equivalently sized driven pile.

Drilled shafts are generally considered fixed to the substructure unit if the reinforcing steel
from the shaft is fully developed within the substructure unit.

Drilled shafts vary in diameter from approximately 2.5 to 10 feet. Drilled shafts with diameters
greater than 6 feet are generally referred to as piers. Shafts may be designed to transfer load
to the bearing stratum through side friction, point-bearing or a combination of both. The
drilled shaft may be cased or uncased, depending on the subsurface conditions and depth of
bearing.

Drilled shafts have been used on only a small number of structures in Wisconsin. For
unusual site conditions, the use of drilled shafts may be advantageous. Design
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methodologies for drilled shafts can be found in FHWA Publication IF-99-025, Drilled Shafts:
Construction Procedures and Design Methods.

Strength limit states for drilled shafts are evaluated in the same way as for driven piles.
Drivability is not required to be evaluated. The structural resistance of drilled shafts is
evaluated in accordance with LRFD [5.7 and 5.8]. This includes evaluation of axial
resistance, combined axial and flexure, shear and buckling. It is noted that the critical load
case for combined axial and flexure may be a load case that results in the minimum axial
load or tension.

11.3.2.2 Resistance Factors

Resistance factors for drilled shafts are presented in Table 11.3-6 and are selected based on
the method used to determine the nominal (ultimate) resistance capacity of the drilled shaft.
The design intent is to adjust the resistance factor based on the reliability of the method used
to determine the nominal shaft resistance. As with driven piles, the selection of a
geotechnical resistance factor should be based on the intended method of resistance
verification in the field. Because of the cost and difficulty associated with testing drilled
shafts, much more reliance is placed on static analysis methods.
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Condition/Resistance Determination Method Resistance
Factor
Shaft Resistance in Clay Alpha Method 0.45
Point Resistance in Clay Total Stress 0.40
Shaft Resistance in Beta Method 055
Sand
Point Rg:lnséance in O’Neill and Reese 0.50
Nominal
Resistance of Shaft Resistance in oy
Single-Drilled IGMs O'Neill and Reese 0.60
Shaft in Axial : : :
Compression’ Point R’I%s'{/sléance in O’Neill and Reese 0.55
Pstat , , Horvath and Kenney 0.55
0 Shaft Rszlsliance In O’Neill and Reese '
o £ Carter and Kulhawy 0.50
2 :
% _5) Point Resistance in Canadian Geotech. Soc.
c 9 R Pressuremeter Method 0.50
< ock N
5 0 O’Neill and Reese
= A
% ° Block Failure, Clay 055
8 Dol
Uplift Clay Alpha Method 0.35
Resistance of Sand Beta Method 0.45
Single-Drilled Horvath and Kenne
y
Shaft, gup Rock Carter and Kulhawy 0.40
Group Uplift
Resistance, Sand and Clay 0.45
Pug
Horizontal
Geotechnical
Resistance of All Soil Types and Rock 1.0
Single Shaft or
Pile Group

Table 11.3-6
Geotechnical Resistance Factors for Drilled Shafts LRFD [Table 10.5.5.2.4-1]

For drilled shafts, the base geotechnical resistance factors in Table 11.3-6 assume groups
containing two to four shafts, which are slightly redundant. For groups containing at least four
elements, the base geotechnical resistance factors in Table 11.3-6 should be increased by
20%. WisDOT generally uses 4 or more shafts per substructure unit.
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WisDOT policy item:

WisDOT policy requires a multi-column bent to be designed as a redundant rigid frame. Hence
when a bent contains at least 4 columns then the resistance factors in Table 11.3-6 should be
increased by 20 percent.

Resistance factors for structural design of drilled shafts are obtained from LRFD [5.5.4.2.1].

11.3.2.3 Bearing Resistance

Most drilled shafts provide geotechnical resistance in both end bearing and side friction.
Because the rate at which side friction mobilizes is usually much higher than the rate at
which end bearing mobilizes, past design practice has been to ignore either end bearing for
shafts with significant sockets into the bearing stratum or to ignore skin friction for shafts that
do not penetrate significantly into the bearing stratum. This makes evaluation of the
geotechnical resistance slightly more complex, because in most cases it is not suitable to
simply add the nominal (ultimate) end bearing resistance and the nominal side friction
resistance in order to obtain the nominal axial geotechnical resistance.

When computing the nominal geotechnical resistance, consideration must be given to the
anticipated construction technique and the level of construction control. If it is anticipated to
be difficult to adequately clean out the bottom of the shafts due to the construction technique
or subsurface conditions, the end bearing resistance may not be mobilized until very large
deflections have occurred. Similarly, if construction techniques or subsurface conditions
result in shaft walls that are very smooth or smeared with drill cuttings, side friction may be
far less than anticipated.

Because these resistances mobilize at different rates, it may be more appropriate to add the
ultimate end bearing to that portion of the side resistance remaining at the end of bearing
failure. Or it may be more appropriate to add the ultimate side resistance to that portion of
the end bearing mobilized at side resistance failure. Note that consideration of deflection,
which is a service limit state, may control over the axial geotechnical resistance since
displacements required to mobilize the ultimate end bearing can be excessive. More detailed
discussion of design parameters is provided in Appendices C and D of FHWA Publication IF-
99-025, Drilled Shafts: Construction Procedures and Design Methods.

11.3.2.3.1 Shaft Resistance
The shaft resistance is estimated by summing the friction developed in each stratum. When
drilled shafts are socketed in rock, the shaft resistance that is developed in soil is generally
ignored to satisfy strain compatibility. The following analysis methods are typically used to
compute the static shaft resistance in soil and rock:
¢ Alpha method for cohesive soil, as specified in LRFD [10.8.3.5.1]
o Beta method (B-method) for cohesionless soil, as specified in LRFD [10.8.3.5.2]

e Horvath and Kenny method for rock, as specified in LRFD [10.8.3.5.4]
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11.3.2.3.2 Point Resistance

The following analysis methods are typically used to compute the static shaft resistance in
soil:

¢ Alpha method for cohesive soil, as specified in LRFD [10.8.3.5.1]
o Beta method (B-method) for cohesionless soil, as specified in LRFD [10.8.3.5.2]

The ultimate unit point resistance of a drilled shaft in intact or tightly jointed rock is computed
as 2.5 times the unconfined compressive strength of the rock. For rock containing open or
filled joints, the geomechanics RMR system is used to characterize the rock, and the ultimate
point resistance in rock can be computed as specified in LRFD [10.8.3.5.4c].

11.3.2.3.3 Group Capacity

For drilled shaft groups bearing in cohesive soils or ending in a strong layer overlying a
weaker layer, the axial resistance is determined using the same approach as used for driven
piles. For drilled shaft groups in cohesionless soil, a group efficiency factor is applied to the
ultimate resistance of a single drilled shaft. The group efficiency factor is a function of the
center-to-center shaft spacing and is linearly interpolated between a value of 0.65 at a
center-to-center spacing of 2.5 shaft diameters and a value of 1.0 at a center-to-center
spacing of 6.0 shaft diameters. This reduction is more than for driven piles at similar spacing,
because construction of drilled shafts tends to loosen the soil between the shafts rather than
densify it as with driven piles.

11.3.2.4 Lateral Load Resistance

Because drilled shafts are made of reinforced concrete, the lateral analysis should consider
the nonlinear variation of bending stiffness with respect to applied bending moment. At small
applied moments, the reinforced concrete section performs elastically based on the size of
the section and the modulus of elasticity of the concrete. At larger moments, the concrete
cracks in tension and the stiffness drops significantly.

11.3.2.5 Other Considerations

Detailing of the reinforcing steel in a drilled shaft must consider the constructability of the
shaft. The reinforcing cages must be stiff enough to resist bending during handling and
concrete placement. In addition, the spaces between reinforcement bars must be kept large
enough to permit easy flow of the concrete from the center of shaft to the outside of shaft.
These two requirements will generally force the use of larger, more widely spaced
longitudinal and transverse reinforcement bars than would be used in the design of an
above-grade column. In addition, when using hooked bars to tie the shaft to the foundation,
consideration must also be given to concrete placement requirements and temporary casing
removal requirements.
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11.3.3 Micropiles
11.3.3.1 General

In areas of restricted access, close proximity to settlement sensitive existing structures or
difficult geology, micropiles may be considered when determining the recommended
foundation type. Although typically more expensive than driven pile, constructability
considerations may warrant selection of micropiles as the preferred foundation type. A
micropile is constructed by drilling a borehole with drill casing, placing reinforcement and
grouting the hole. Micropiles are installed by methods that cause minimal disturbance to
adjacent structures, soil and the environment. They can be installed in areas with restricted
access and vertical clearance. Drill casing permits installation in poor ground conditions.
Micropiles are installed with the same type of equipment that is used for ground anchor and
grouting projects. Micropiles can be either vertical or battered.

Micropiles are used for structural support of new structures, underpinning existing structures,
scour protection and seismic retrofit at existing structures. Micropiles are also used to create
a reinforced soil mass for ground stabilization.

With a micropile’s smaller cross-sectional area, the pile design is more frequently governed
by structural and stiffness considerations. Due to the small pile diameter, point resistance is
usually disregarded for design. Steel casing for micropiles is commonly delivered in 5 to 20
foot long flush-joint threaded sections. The casing is typically 5.5 to 12 inches in diameter,
with yield strength of 80 ksi. Grout is mixed neat with a water/cement ratio on the order of
0.45 and an unconfined compressive strength of 4 to 6 ksi. Grade 60, 90 and 150 single
reinforcement bars are generally used with centralizers.

Grout/ground bond capacity varies directly with the method of placement and pressure used
to place the grout. Common methods include grout placement under gravity head, grout
placement under low pressure as temporary drill steel is removed and grout placement under
high pressure using a packer and regrout tube. Some regrout tubes are equipped to allow
regrouting multiple times to increase pile capacity.

11.3.3.2 Design Guidance

Micropiles shall be designed using an Allowable Stress Design approach until an LRFD
approach has been developed and approved by the AASHTO Bridge Subcommittee. The
design of micropiles shall be done in accordance with FHWA Publication SA-97-070,
Micropile Design and Construction Guidelines Implementation Manual. When site-specific
load tests are performed, the factor of safety can be reduced from 2.5 to 2.0 to determine the
allowable axial compressive load capacity of the micropile. The reduction in factor of safety is
consistent with the 2005 update to the FHWA guidelines for micropile design.

11.3.4 Augered Cast-In-Place Piles
11.3.4.1 General

Augered cast-in-place (ACIP) piles are installed by drilling a hole with a hollow stem auger.
When the auger reaches a design depth (elevation) or given torque, sand-cement grout or
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concrete is pumped through the hollow-stem auger while the auger is withdrawn from the
ground. Reinforcement steel can be placed while the grout is still fluid. A single reinforcement
bar can also be installed inside the hollow stem auger before the auger is extracted. ACIP
piles are installed by methods that cause minimal disturbance to adjacent structures, soil and
the environment. They can also be installed in areas with restricted access and vertical
clearance. Temporary casing is not required. In many situations, these foundation systems
can be constructed more quickly and less expensively than other deep foundation
alternatives.

ACIP piles are generally available in 12- to 36-inch diameters and typically extend to depths
of 60 to 70 feet. In some cases, ACIP piles have been installed to depths of more than 100
feet. The torque capacity of the drilling equipment may limit the available penetration depth of
ACIP piles, especially in stiff to hard cohesive soil. Typical Wisconsin bridge contractors do
not own the necessary equipment to install this type of pile.

ACIP piles may be more economical; however, there is a greater inherent risk in their
installation from the quality control standpoint. There is currently no method available to
determine pile capacity during construction of ACIP piles. WisDOT does not generally use
this pile type unless there are very unusual design/site requirements.

11.3.4.2 Design Guidance

In the future, the FHWA will distribute a Geotechnical Engineering Circular that will provide
design and construction guidance for ACIP piles. WisDOT plans to reassess the use of ACIP
piles at that time.
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11.5 Design Examples

WisDOT will provide design examples.

This section will be expanded later when the design examples are available.
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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. 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:

P, =P,
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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 Klf, 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 %z 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 |
B X | span2-X i
- =ﬁ >
E F F # E
Case 1: DL X fmax Neutral Point Case 1: DL X pmin
Case 2: DL X pmin Case 2: DL X pmax

rmr

Casel: ¥DLxp +3 3ElaTX _ 3ElaT(Span2-X)

+ ZDLXHmin

144n° 144n°
(Lt. Abutment) (Pier 1) (Pier 2) (Rt. Abutment)
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 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)

9] = 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
F = ———————
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)
Vv = 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:

D= CDV2
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:

e |ce 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
Ca :( 5t JO.S
(w+1)
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
3gR
Where:
\% = Highway design speed (ft/sec)
= 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 exception to AASHTO:

LRFD [3.6.5] for vehicular collision force, CT, shall be followed as stated except:

LRFD [3.6.5.1] and LRFD [3.6.5.2] shall be considered equal alternatives, meaning that
protecting the pier and designing the pier for the 400 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:

Unless 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 3x5 ft rectangular or 4 ft diameter (consider clearance issues and/or the
wide cap required when using 4 ft diameter columns). Hammerhead pier shafts are considered
adequately sized.

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 1.5% 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 3x5 ft rectangular and 4 ft diameter columns. The 1.5%
minimum for 15 sq. ft. may be prorated down to 1% minimum for sections with at least a 30 sq.
ft. cross sectional area.

For the 3x5 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.

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 Ill, 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 | 1251 090 | 1.50 0.65 1.75 1.00 | 0.00 | 0.O0 [ 1.00 | 0.50 | 0.00
Strength I 1251 090 | 1.50 0.65 0.00 100 | 140 | 0.00 | 1.00 | 0.50 | 0.00
StrengthV | 1.25 | 0.90 | 1.50 | 0.65 1.35 | 1.00 | 0.40 | 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 1251 0.90 | 1.50 | 0.65 0.50 | 1.00 | 0.00 | 0.00 | 1.00 | 0.00 | 1.00
Event |
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:

o 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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13.7.4 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:

P
Ast >
of,
Where:
At = Total area of mild steel reinforcement in the tie (in%)
Py = Tension tie force from strength limit state (kips)
) = 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 A In Figure 13.7-2, the number of stirrups, n, necessary to
provide the Ag 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:

L
Smax =
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.

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:

P = ¢fCUACS 2 PU

Where
P, = Factored resistance of compression strut (kips)
Py = 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)
fou = Limiting compressive stress (ksi)
Acs = Effective cross-sectional area of strut (in2)

The limiting compressive stress shall be given by:

f'.

f =—°  <0.85f
0.8 +170¢,

In which:

e, =g, + (g, +0.002)cot? a,

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 (°)
fe = Specified compressive strength (ksi)

The concrete tensile strain is given by:

P

u

PSS
A4Es
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Where:
Es = Modulus of elasticity of steel, taken as 29,000 (ksi)
The cross-sectional area of the strut, A, 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 A.

|—> A /&sines <6dpa  <60s
A -t

b4

—_—

dba -
- 4 — e o o
SGdba s Ssdba . <7dba
| TR R - I
A
- La ~ Section A-A

Figure 13.7-3
Strut Anchored by Tension Reinforcement Only
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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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14.1 Introduction

Retaining walls are used to provide lateral resistance for a mass of earth or other material to
accommodate a transportation facility. These walls are used in a variety of applications
including right-of-way restrictions, protection of existing structures that must remain in place,
grade separations, new highway embankment construction, roadway widening, stabilization
of slopes, protection of environmentally sensitive areas, staging, and temporary support
including excavation or underwater construction support, etc.

Several types of retaining wall systems are available to retain earth and meet specific project
requirements. Many of these wall systems are proprietary wall systems while others non-
proprietary or design-build in Wisconsin. The wall selection criteria and design policies
presented in this chapter are to ensure consistency of standards and applications used
throughout WisDOT projects.

14.1.1 Wall Development Process

Overall, the wall development process requires an iterative collaboration between WisDOT
Regions, Structures Design Section, Geotechnical Unit and WisDOT Consultants.

Retaining wall development is described in Section 11-55-5 of the Facilities Development
Manual. WisDOT Regional staff determines the need for permanent retaining walls on
highway projects. A wall number is assigned as per criteria discussed in 14.1.1.1 of this
chapter. The Regional staff prepares a Structures Survey Report (SSR) that includes a
preliminary evaluation of wall type, location, and height including a preliminary layout plan.

Based on the SSR, a Geotechnical site investigation may be required to determine
foundation and retained soil properties. A hydraulic analysis is also conducted, if required, to
asses scour potential. The Geotechnical investigation generally includes a subsurface and
laboratory investigation. For the departmental-designed walls, the Bureau of Technical
Services, Foundation & Pavement Unit (Geotechnical Unit) can recommend the scope of soail
exploration needed and provide/recommend bearing resistance, overall stability, and
settlement of walls based on the geotechnical exploration results.

The SSR is sent to the wall designer (Structures Design Section or WisDOT'’s Consultant) for
wall selection, design and contract plan preparation. Based on the wall selection criteria
discussed in 14.3, either a proprietary or a non-proprietary wall system is selected.

Proprietary walls, as defined in 14.2, are pre-approved by the WisDOT’s Structures Design
Section. Preapproval process for the proprietary walls is explained in 14.16. The structural
design and internal stability of proprietary wall systems are the responsibility of the
supplier/contractor. The design and computation of the proprietary wall systems are also
reviewed by the Structures Design Section in accordance with the plans and special
provisions. The external stability, overall stability and settlement computations of these walls
are performed by the Geotechnical Unit or the WisDOT’s Consultant. Design of all
temporary walls is the responsibility of the contractor.
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Non-proprietary retaining walls are designed by WisDOT or its Consultant. The internal
stability and the structural design of such walls are performed by the Structures Design
Section or WisDOT’s Consultant. The external and overall stability is performed by the
Geotechnical Engineering Unit or Geotechnical Engineer of record.

The final contract plans of retaining walls include final plans, details, special provisions,
contract requirements, and cost estimate for construction. The Subsurface Exploration is part
of the final contract plans.

The wall types and wall selection criteria to be used in wall selection are discussed in 14.2
and 14.3 of this chapter respectively. General design concepts of a retaining wall system are
discussed in 14.4. Design criteria for specific wall systems are discussed in sections 14.5
thru 14.11. The plan preparation process is briefly described in Chapter 2 — General and
Chapter 6 — Plan Preparation. The contract documents and contract requirements are
discussed in 14.14 and 14.15 respectively.

For further information related to wall selection, design, approval process, pre-approval and
review of proprietary wall systems please contact Structures Design Section of the Bureau of
Structures at 608-266-8489. For questions pertaining to geotechnical analyses and
geotechnical investigations please contact the Geotechnical Unit at 608-246-7940.

14.1.1.1 Wall Numbering System

Permanent retaining walls that are designed for a design life of 75 years or more should be
identified by a wall number, R-XX-XXX, as assigned by the Region. For a continuous wall
consisting of various wall types, the numbering system should include unit numbers so that
the numbering appears as R-XX-XXX-001, R-XX-XXX-002, and so on. The first two digits
represent the county the wall is located in and the next set(s) of digits represent the
undivided wall.

The wall number should be assigned in accordance with 2.5 of this manual. The only walls
not requiring a number are cast-in-place concrete walls being utilized as bridge abutment
wings and those walls whose height does not exceed 5.0 foot at any given point along the
wall length. Wall height is measured from top of leveling pad or footing to the bottom of wall
cap.
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14.2 Wall Types

Retaining walls can be divided into many categories as discussed below.

Conventional Walls

Retaining walls can be divided into gravity, semi-gravity, and non-gravity cantilever or
anchored walls. A brief description of these walls is presented in 14.2.1 and 14.2.2
respectively.

Miscellaneous types of walls including multi-tiered walls, and hybrid or composite walls are
also used by combining the wall types mentioned in the previous paragraph. These walls are
used only under special project requirements. These walls are briefly discussed in 14.2.3, but
the design requirements of these walls will not be presented in this chapter. In addition, some
walls are also used for temporary shoring and discussed briefly in 14.2.4.

Permanent or Temporary Walls

All walls can be divided into permanent or temporary walls, depending on project application.
Permanent walls have a typical designed life of 75 years. The temporary walls are designed
for a service life of 3 years, or the intended project duration, whichever is greater. Temporary
wall systems have less restrictive requirements for construction, material and aesthetics.

Fill Walls or Cut Walls

A retaining wall can also be classified as a fill wall, or a cut wall. This description is based on
the nature of the earthwork required to construct the wall. If the roadway cross-sections
(which include the wall) indicate that existing earth/soil must be removed (excavated) to
install the wall, it is considered a ‘cut’ wall. If the roadway cross-sections indicate that earth
fill will be placed behind the wall, with little excavation, the wall is considered a fill' wall.
Sometimes wall construction requires nearly equal combinations of earth excavation and
earth fill, leading to the nomenclature of a ‘cut/fill’ wall.

Bottom-up or Top-down Constructed Walls

This wall classification method refers to the method in which a wall is constructed. If a wall is
constructed from the bottom of the wall, upward to the top, it is considered a bottom-up type
of wall. Examples of this include CIP cantilever, MSE and modular block walls. Bottom-up
walls are generally the most cost effective type. If a wall is constructed downward, from the
top of the wall to the bottom, it is considered a top-down type of wall. This generally requires
the insertion of some type of wall support member below the existing ground, and then
excavation in front of the wall to the bottom of the exposed face. Examples of this include
soil nail, cantilever sheet pile and anchored sheet pile walls. These walls are generally used
when excavation room is limited.
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Proprietary or Non-Proprietary

Some retaining walls have prefabricated modules or components that are proprietary in
nature. Based on the use of proprietary components, walls can be divided into the categories
of proprietary and non-proprietary wall systems as defined in 14.1.1.

A proprietary retaining wall system is considered as a patented or trademarked retaining
wall system or a wall system comprised of elements/components that are protected by a
trade name, brand name, or patent and are designed and supported by the manufacturer.
MSE walls, modular block gravity walls, bin, and crib walls are considered proprietary walls
because these walls have components which are either patented or have trademarks.

Some of the proprietary walls require preapproval and appropriate special provisions. The
preapproval requirements are discussed in 14.16 of this chapter. Proprietary walls also have
special design requirements for the structural components, and are discussed in further
detail within each specific wall design section. Most MSE, modular block, bin or crib walls
require pre-approval and/or special provisions.

A non-proprietary retaining wall is fully designed and detailed by the designer or may be
design-build. A non-proprietary retaining wall system may contain proprietary elements or
components as well as non-proprietary elements and components. CIP cantilever walls, rock
walls, soil nail walls and non-gravity walls fall under this category.

Wall classification is shown in Table 14.2-1 and is based on wall type, project function
category, and method of construction.

14.2.1 Gravity Walls

Gravity walls are considered externally stabilized walls as these walls use self weight to
resist lateral pressures due to earth and water. Gravity walls are generally subdivided into
mass gravity, semi-gravity, modular gravity, mechanically stabilized reinforced earth (MSE),
and in-situ reinforced earth wall (soil nailing) categories. A schematic diagram of the various
types of gravity walls is included in Figure 14.2-1.

14.2.1.1 Mass Gravity Walls

A mass gravity wall is an externally stabilized, cast-in-place rigid gravity wall, generally
trapezoidal in shape. The construction of these walls requires a large quantity of materials so
these are rarely used except for low height walls less than 8.0 feet. These walls mainly rely
on self weight to resist external pressures and their construction is staged as bottom up
construction, mostly in fill or cut/fill situation.

14.2.1.2 Semi-Gravity Walls

Semi-gravity walls resist external forces by the combined action of self weight, weight of soil
above footing and the flexural resistance of the wall components. A cast-in-place (CIP)
concrete cantilever wall is an example and consists of a reinforced concrete stem and a base
footing. These walls are non-proprietary.
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Cantilever walls are best suited for use in areas exhibiting good bearing material. When
bearing or settlement is a problem, these walls can be founded on piles or foundation
improvement may be necessary. Walls exceeding 28 feet in height are provided with
counter-forts or buttress slabs. Construction of these walls is staged as bottom-up
construction and mostly constructed in fill situations. Cantilever walls are more suited where
MSE walls are not feasible, although these walls are generally costlier than MSE walls.

14.2.1.3 Modular Gravity Walls

Modular walls are also known as externally stabilized gravity walls as these walls resist
external forces by utilizing self weight. Modular walls have prefabricated
modules/components which are considered proprietary. The construction is bottom-up
construction mostly used in fill situations.

14.2.1.3.1 Modular Block Gravity Walls

Modular block concrete facings are used without soil reinforcement to function as an
externally stabilized gravity wall. The modular blocks are prefabricated dry cast or wet cast
concrete blocks and the blocks are stacked vertically or slightly battered to resist external
forces. The concrete blocks are either solid concrete or hollow core concrete blocks. The
hollow core concrete blocks are filled with crushed aggregates or sand. The walls are limited
to a maximum design height of 8 feet. The modular blocks are proprietary and vary in sizes.

14.2.1.3.2 Prefabricated Bin, Crib and Gabion Walls

Bin Walls: Concrete and metal bin walls are built of adjoining open or closed faced bins and
then filled with soil/rocks. Each metal bin is comprised of individual members bolted. The
concrete bin wall is comprised of prefabricated interlocking concrete modules. These wall
systems are proprietary wall systems.

Crib Walls: Crib walls are constructed of interlocking prefabricated units of reinforced or
unreinforced concrete or timber elements. Each crib is comprised of longitudinal and
transverse members. Each unit is filled with free draining material. These wall systems are
proprietary wall systems.

Gabion Walls: Gabion walls are constructed of steel wire baskets filled with selected rock
fragments and tied together. Gabions walls are flexible, free draining and easy to construct.
These wall systems are proprietary wall systems. Maximum heights are normally less than
21 feet. These walls are desirable where equipment access is limited. The wires used for
constructing gabions baskets must be designed with adequate corrosion protection.

14.2.1.4 Rock Walls

Rock walls are also known as ‘Rockery Walls’. These types of gravity walls are built by
stacking locally available large stones or boulders into a trapezoid shape. These walls are
highly flexible and height of these walls is generally limited to approximately 8.0 feet. A layer
of gravel and geotextile is commonly used between the stones and the retained soil. These
walls can be designed using the FHWA Rockery Design and Construction Guideline.
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14.2.1.5 Mechanically Stabilized Earth (MSE) Walls:

Mechanically Stabilized Earth (MSE) walls include a selected soil mass reinforced with
metallic or geo-synthetic reinforcement. The soil reinforcement is connected to a facing
element to prevent the reinforced soil from sloughing. Construction of these walls is staged
as bottom-up construction. These can be constructed in cut and fill situations, but are better
suited to fill sites. MSE walls are normally used for wall heights between 10 to 40 feet. A
brief description of various types of MSE walls is given below:

Precast Concrete Panel MSE Walls: These types of walls employ a metallic strip or wire grid
reinforcement connected to precast concrete panels to reinforce a selected soil mass. The
concrete panels may be segmental or full wall height panels. These walls are proprietary wall
systems.

Modular Block Facing MSE Wall: Prefabricated modular concrete block walls consist of
almost vertically stacked concrete modular blocks and the soil reinforcement is secured
between the blocks at predetermined levels. Metallic strips or geogrids are generally used as
soil reinforcement to reinforce the selected soil mass. Concrete blocks are either solid or
hollow core blocks. The hollow core blocks are filled with aggregates or sand. These types of
walls are proprietary wall systems.

Geotextile/Geogrids/Welded Wire Faced MSE Walls: These types of MSE walls consist of
compacted soil layers reinforced with continuous or semi-continuous geotextile, geogrid or
welded wire around the overlying reinforcement. The wall facing is formed by wrapping each
layer of reinforcement around the overlying layer of backfill and re-embedding the free end
into the backfill. These types of walls are used for temporary or permanent applications.
Permanent facings include shotcrete, gunite, galvanized welded wire mesh, cast-in-place
concrete or prefabricated concrete panels.

14.2.1.6 Soil Nail Walls

Soil nail walls are internally stabilized cut walls that use in-situ reinforcement for resisting
earth pressures. The large diameter rebars (generally #10 or greater) are typically used for
the reinforcement. The construction of soil nail walls is staged top-down and soil nails are
installed after each stage of excavation. Shotcrete can be applied as a facing. The facing of a
soil nail wall is typically covered with vertical drainage strips located over the nail then
covered with shotcrete. Soil nailing walls are used for temporary or permanent construction.
Specialty contractors are required when constructing these walls. Soil nail walls have been
installed to heights of 60.0 feet or more but there have only been a few soil nail walls
constructed on WisDOT projects.
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Figure 14.2-1
Gravity Walls

14.2.2 Non-Gravity Walls
Non-gravity walls are classified into cantilever and anchored wall categories. These walls are
considered as externally stabilized walls and used in cut situations. The walls include sheet

14-13
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pile, post and panel, tangent and secant pile type with or without anchors. Figure 14.2-2
shows common types of non-gravity walls.

14.2.2.1 Cantilever Walls

These types of walls derive lateral resistance through embedment of vertical elements into
natural ground and the flexure resistance of the structural members. They are used where
excavation support is needed in shallow cut situations.

Cantilever Sheet Pile Walls: Cantilever sheet pile walls consist of interlocking steel panels,
driven into the ground to form a continuous sheet pile wall. The sheet piles resist the lateral
earth pressure utilizing the passive resistance in front of the wall and the flexural resistance
of the sheet pile. Most sheet pile walls are less than 15 feet in height.

Post and Panel Walls: Post and panel wall systems are also known as soldier pile and
lagging wall systems. These types of walls are non gravity wall systems that derive lateral
resistance and moment capacity through embedment of vertical members (soldier piles) into
natural ground in cut situations. The vertical elements may be drilled or driven steel or
concrete members. Generally, H-piles in drilled holes are filled concrete. The soil behind the
wall is retained by lagging. The lagging may be steel, wood, or concrete.

Tangent and Secant Pile Walls: A tangent pile wall consists of a single row of reinforced
concrete piles (drilled) installed in the ground. Each pile touches the adjacent pile
tangentially. The concrete piles are reinforced using a single steel beam or a cage of
reinforcing bars. A secant wall, generally, consists of a single row of overlapping and
alternating reinforced and unreinforced piles drilled into the ground. Secant and tangent wall
systems are used to hold earth and water where water tightness is important, and lowering of
the water table is not desirable.

14.2.2.2 Anchored Walls

Anchored walls are externally stabilized non-gravity cut walls. Anchored walls are essentially
the same as cantilever walls except that these walls utilize anchors (tiebacks) to extend the
wall heights beyond the design limit of the cantilever walls. These walls require less toe
embedment than cantilever walls.

These walls derive lateral resistance by embedment of vertical wall elements into firm ground
and by anchorages. Most commonly used anchored walls are anchored sheet pile walls and
the anchored post and panel walls. Tangent and secant walls can also be anchored with tie
backs and used as anchored walls. The anchors can be attached to the walls by tie rods,
bars or wired tendons. The anchoring devise is generally a deadman, screw-type, or grouted
tieback anchor. Anchored walls can be built to significant heights.
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Figure 14.2-2
Non-Gravity Walls

14.2.3 Tiered and Hybrid Wall Systems

1
SOLDIER PILES / r /—gnglcl)EsRT PILE

A tiered wall system is a series of two or more walls, each higher wall set back from the
underlying walls. The upper wall exerts an additional surcharge on the lower lying wall and
requires special design attention. The design of these walls has not been discussed in this
chapter. Hybrids wall systems combine wall components from two or more different wall
systems and provide an alternative to a single type of wall used in cut or fill locations. These
types of walls require special design attention as components of these walls require different
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magnitudes of deformation to develop loading resistance. The design of such walls will be on
a case-by-case basis, and is not discussed in this chapter.

Some examples of tiered and hybrid walls systems are shown in Figure 14.2-3.

14.2.4 Temporary Shoring

Temporary shoring is used to protect existing transportation facilities, utilities, buildings, or
other critical features when safe slopes cannot be made for structural excavations. Shoring
may be required within the limits of structures or on the approach roadway due to grade
changes or staged construction. Shoring should not be required nor paid for when used
primarily for the convenience of the contractor. Temporary shoring is designed by the
contractor. MSE walls with flexible facings and sheet pile walls are commonly used for
temporary shoring.

14.2.5 Wall Classification Chart

A wall classification chart has been developed and shown as Table 14.2-1.
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Wall Wall Sub- Wall Type Typical Proprietary
Category Category Construction
Concept
Gravity Mass CIP Gravity Bottom Up No
Gravity (Fill)
Semi- CIP Bottom Up No
Gravity Cantilever (Fill)
Reinforced MSE Walls- Bottom Up Yes
Earth (Fill)
Precast Panel
Modular
Blocks
Geogrid/
Geo-
textile/Wire-
Faced
Modular Modular Blocks Bottom Yes
Gravity Up/(Fill)
Gabion
Bin
Crib
In-situ Soil Nailing Top Down No
Reinforced (Cut)
Non-Gravity | Cantilever Sheet Pile Top Down No
(Cut)
Post & Panel
Tangent/Secant
Anchored | Anchored Sheet Top Down No
Pile, Post and (Cut)
Panel, and
Tangent/Secant
Table 14.2-1
Wall Classification
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14.3 Wall Selection Criteria

14.3.1 General

The objective of selecting a wall system is to determine an appropriate wall system that is
practical to construct, structurally sound, economic, aesthetically pleasing, environmentally
consistent with the surroundings, and has minimal maintenance problems.

With the development of many new wall systems, designers have the choice of selecting
many feasible wall systems that can be constructed on a given highway project. Designers
are encouraged to evaluate several feasible wall systems for a particular project where wall
systems can be economically constructed. After consideration of various wall types, a single
type should be selected for final analyses and design. Wall designers must consider the
general design concepts described in section 14.4 and specific wall design requirements
described in 14.5 thru 14.11 of this chapter, and key wall selection factors discussed in this
section.

In general, selection of a wall system should include, but not limited to the key factors
described in this section for consideration when generating a list of acceptable retaining wall
systems for a given site.

14.3.1.1 Project Category

The designer should consider if the wall system is permanent or temporary.

14.3.1.2 Cut vs. Fill Application

Due to construction techniques and base width requirements for stability, some wall types
are better suited for cut sections where as others are suited for fill or fill/cut situations. The
key considerations are the amount of excavation or shoring, overall wall height, proximity of
wall to other structures, and right-of-way width available. The site geometry should be
evaluated to define site constraints. These constraints will generally dictate if fill, fill/cut or
cut walls are required.

Cut Walls

Cut walls are generally constructed from the top down and used for both temporary and
permanent applications. Cantilever sheet pile walls are suitable for shallower cuts. If a
deeper cut is required to be retained, a key question is to determine the availability of right-
of-way (ROW). Subsurface conditions such as shallow bedrock also enter into considerations
of cut walls. Anchored walls, soil nail walls, and anchored soldier pile walls may be suitable
for deeper cuts although these walls require either a larger permanent easement or
permanent ROW.

Fill walls
Walls constructed in fill locations are typically used for permanent construction and may

require large ROW to meet the base width requirements. The necessary fill material may be
required to be granular in nature. These walls use bottom up construction and have typical

January 2011 14-19



60N,

§@'§ WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

cost effective ranges. Surface conditions must also be considered. For instance, if soft
compressible soils are present, walls that can tolerate larger settlements and movements
must be considered. MSE walls are generally more economical for fill locations than CIP
cantilever walls.

Cut/fill Walls

CIP cantilever and prefabricated modular walls are most suitable in cut/fill situations as the
walls are built from bottom up, have narrower base widths and these walls do not rely on soil
reinforcement techniques to provide stability. These types of walls are suitable for both cut or
fill situations.

14.3.1.3 Site Characteristics

Site characterization should be performed, as appropriate, to provide the necessary
information for the design and construction of retaining wall systems. The objective of this
characterization is to determine composition and subsurface soil/rock conditions, define
engineering properties of foundation material and retained soils, establish groundwater
conditions, determine the corrosion potential of the water, identify any discontinuities or
geotechnical issues such as poor bearing capacity, large settlement potential, and/or any
other design and construction problems.

Site characterization mainly includes subsurface investigations and analyses. WisDOT'’s
Geotechnical Unit generally completes the investigation and analyses for all in-house wall
design work.

14.3.1.4 Miscellaneous Design Considerations

Other key factors that may influence wall selection include height limitations for specific
systems, limit of wall radius on horizontal alignment, and whether the wall is a component of
an abutment.

Foundation conditions that may govern the wall selection are bearing capacity, allowable
lateral and vertical movements, tolerable settlement and differential movement of retaining
wall systems being designed, susceptibility to scour or undermining due to seepage, and
long-term maintenance.

14.3.1.5 Right of Way Considerations

Availability of ROW at a site may influence the selection of wall type. When a very narrow
ROW is available, a sheet pile wall may be suitable to support an excavation. In other cases,
when walls with tiebacks or soil reinforcement are considered, a relatively large ROW may
be required to meet wall requirements. Availability of vertical operating space may influence
wall selection where piling installation is required and there is not enough room to operate
driving equipment.

Section 11-55-5 of the FDM describes the ROW requirement for retaining walls. It requires
that all segments of a retaining wall should be under the control of WisDOT. No
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improvements or utility construction should be allowed in the ROW area of the retaining wall
systems.

14.3.1.6 Utilities and Other Conflicts

Feasibility of some wall systems may be influenced by the presence of utilities and buried
structures. MSE, soil nailing and anchored walls commonly have conflict with the presence of
utilities or buried underground structures. MSE walls should not be used where utilities must
stay in the reinforcement zone.

14.3.1.7 Aesthetics

In addition to being functional and economical, the walls should be aesthetically pleasing.
Wall aesthetics may influence selection of a particular wall system. However, the aesthetic
treatment should complement the retaining wall and not disrupt the functionality or selection
of wall type. All permanent walls should be designed with due considerations to the wall
aesthetics. Each wall site must be investigated individually for aesthetic needs. Temporary
walls should generally be designed with little consideration to aesthetics. Chapter 4 -
Aesthetics presents structures aesthetic requirements.

14.3.1.8 Constructability Considerations

Availability of construction material, site accessibility, equipment availability, form work and
temporary shoring, dewatering requirements, labor considerations, complicated alignment
changes, scheduling consideration, speed of construction, construction staging/phasing and
maintaining traffic during construction are some of the important key factors when evaluating
the constructability of each wall system for a specific site project.

In addition, it should also be ensured that the temporary excavation slopes used for wall
construction are stable as per site conditions and meet all safety requirements laid by
Occupation and Safety Health Administration (OSHA).

14.3.1.9 Environmental Considerations

Selection of a retaining wall system is influenced by its potential environmental impact during
and after construction. Some of the environmental concerns during construction may include
excavation and disposal of contaminated material at the project site, large quantity of water,
corrosive nature of water, vibration impacts, noise abatement and pile driving constraints.

14.3.1.10 Cost

Cost of a retaining wall system is influenced by many factors that must be considered while
estimating preliminary costs. The components that influence cost include excavation,
structure, procurement of additional easement or ROW, drainage, disposal of unsuitable
material, traffic maintenance etc. Maintenance cost also affects overall cost of a retaining
wall system. The retaining walls that have least structural cost may not be the most
economical walls. Wall selection should be based on overall cost.
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14.3.1.11 Mandates by Other Agencies

In certain project locations, other agency mandates may limit the types of wall systems
considered.

14.3.1.12 Requests made by the Public

A Public Interest Finding could dictate the wall system to be used on a specific project.

14.3.1.13 Railing

For safety reasons most walls will require a protective railing. The railing will usually be
located behind the wall. The roadway designer will generally determine whether a pedestrian
or non-pedestrian railing is required and what aesthetic considerations are needed.

14.3.1.14 Traffic barrier

A traffic barrier should be installed if vehicles, bicycles, or pedestrians are likely to be present
on top of the wall. The roadway designer generally determines the need for a traffic barrier.

14.3.2 Wall Selection Guide Charts

Table 14.3-1 and Table 14.3-2 summarize the characteristics for the various wall types that
are normally considered during the wall selection process. The tables also present some of
the advantages, disadvantages, cost effective height range and other key selection factors. A
wall designer can use these tables and the general wall selection criteria discussed in 14.3.1
as a guide. Designers are encouraged to contact the Structures Design Section if they have
any questions relating to wall selection for their project.
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Cost Reqd.
Wall Type Temp | Perm E:%Cr:'tve ROW Advantages Disadvantage
(ft)
N Durable High cost
Meets aesthetic May need deep
Concrete Gravity 3-10 .5H-.7H requn’lement foundation
Requires small Longer const.
quantity of select time
backfill
N Durable High cost
. meets aesthetic May need deep
Reinforced CIP . )
Cantilever 628 | AH-7H requirement foundation
Requires small Longer const.
quantity of select time & deeper
backfill embedment
N Durable High cost
Reinforced CIP 0.4h Meer aestrtmetlc ][\/Iay(?etgd deep
Counterfort 26 -40 . requiremen oundation
0.7H Requires small Longer const.
back fill quantity time & deeper
embedment
Concrete N SDl(ci)rlaesdnlc;tbﬁqg:re Height limitations
Modular Block 3-8 AH-7TH o
specialized
equipment
N Does not require Difficult to make
Metal Bin 6 -20 4H-.7H sklIIe_d Iabor_ or he!ght _
special equipment adjustment in the
field
N Does not require Difficult to make
Concrete Crib 620 | A4H-7H skilled labor or height
specialized adjustment in the
equipment field
N Does not require Need large stone
skilled labor or quantities
Gabion 6-20 A4H-.7TH specialized Significant labor
equipment
MSE Wall N Does not require Requires use of
( precast skilled labor or select backfill
.TH- L
concrete panel 10-35 specialized
. 1.0H ;
with steel equipment
reinforcement )
MSE Wall N Does not require Requires use of
(modular block skilled labor or select backfill
.TH- L
and geo- 6-22 specialized
- 1.0H :
synthetic equipment
reinforcement)
N N Does not require Requires use of
MSE Wall skilled labor or select backfil
(geotextile/ 6-35 .TH- specialized
geogrid / welded 1.0H equipment
fire facing)
Table 14.3-1

Wall Selection Chart for Gravity Walls
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Wall Type | Temp | Perm Cost Reqd. Water Advantages Disadvantage
Effective ROW Tightness
Height
(ft)
fair Rapid Deep foundation
Sheet Pile N J 6-15 Minimal construction may be needed
Readily Longer construction
available time
poor Rapid High cost
Post and construction Deep foundation
Panel v N 628 | .4H-7H Readily may be needed
available Longer construction
time
good Adaptable to High cost
Tangent irregular layout Deep foundation
Pile N 20 -60 4H-7H Can control may be needed _
wall stiffness Longer construction
Secant Pile fair Adaptable to Difficult to make
irregular layout height adjustment in
Wall J 20-60 4H-.7TH .
Can control the field
wall stiffness High cost
fair Rapid Difficult to make
Anchored N N 6-35 A4H-7H construction height adjustment in
Wall the field
fair Option for top- Cannot be used in
down all soil types
Soil Nail Cannot be used
Wall v v 6-20 A4H-7H below water table
Significant labor
Table 14.3-2
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14.4 General Design Concepts

This section covers the general design standards and criteria to be used for the design of
temporary and permanent gravity and non-gravity walls including proprietary and non-
proprietary wall systems.

The design criteria for tiered walls that retain other walls or hybrid walls systems requiring
special design are not covered specifically in this section.

14.4.1 General Design Steps

The design of wall systems should follow a systematic process applicable for all wall systems
and summarized below:

1.

9.

Basic Project Requirement: This includes determination of wall alignment, wall
geometry, wall function, aesthetic, and project constraints (e.g. right of way,
easement during construction, environment, utilities etc) as part of the wall
development process described in 14.1.

Geotechnical Investigation: Subsurface investigation and analyses should be
performed in accordance with 14.4.4 and Chapter 10 - Geotechnical Investigation to
develop foundation and fill material design strength parameters and foundation
bearing capacity.

Wall Selection: Make wall type selection based on the steps 1 and 2 above and using
the wall selection criteria discussed in 14.3.

Wall Loading: Determine all applicable loads likely to act on the wall as discussed in
14.4.5.3.

Initial Wall Sizing: This step requires initial sizing of various wall components and
establishing wall batter which is wall specific and described under each specific wall
designs discussed in 14.5 thru 14.13.

Wall Design Requirements: Design wall systems using design standards and service
life criteria and the AASHTO Load and Resistance Factor Design (AASHTO LRFD)
requirements discussed in 14.4.1 and 14.4.2.

Perform external stability, overall stability, and wall movement checks discussed in
14.4.7. These checks will be wall specific and generally performed by the
Geotechnical Engineer of record. The stability checks should be performed using the
performance limits, load combinations, and the load/resistance factors per AASHTO
LRFD requirements described in 14.4.5.5 and 14.4.5.6 respectively.

Perform internal stability and structural design of the individual wall components and
miscellaneous components. These computations are performed by the Designer. For
proprietary walls, internal stability is the responsibility of the contractor/supplier

Repeat design steps 4 thru 8 if the required checks are not met.
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14.4.2 Design Standards

The design procedures and criteria established by WisDOT are generally in conformance
with AASHTO Load and Resistance Factor Design Specifications 5" Edition 2010 with latest
interim specifications, hereafter referred as to as AASHTO LRFD and in accordance with the
WiSDOT Bridge Manual. Walls shall be designed to address all limit states.

Wall systems including rock walls and soil nail systems which are not specifically covered by
the AASHTO LRFD specifications shall be designed using the hierarchy of guidelines
presented in this chapter, Allowable Stress Design (ASD) or AASHTO Load Factor Design
(LFD) methods or the design procedures developed based on standard engineering and/or
industry practices. The guidelines presented in this chapter will prevail where interpretation
differs. WisDOT’s decision shall be final in those cases. The new specifications for the wall
designs were implemented October 1st, 2010.

14.4.3 Design Life

All permanent retaining walls and components shall be designed for a minimum service life
of 75 years. All temporary walls shall be designed for a period of 36 months or for the project
specific duration, whichever is greater. The design of temporary wall systems is the
responsibility of the contractor. The temporary walls shall meet all the safety requirements as
that of a permanent wall except for corrosion and aesthetics.

14.4.4 Subsurface Exploration

Geotechnical exploration may be needed to explore the soil/rock properties for foundation,
retained fill, and backfill soils for all retaining walls regardless of wall height. It is the
designer’s responsibility to ensure that pertinent soils information, loading conditions,
foundation considerations, consolidation potential, settlement and external stability is
provided for the wall design.

Before planning a subsurface investigation, it is recommended that any other available
subsurface information such as geological or other maps or data available from previous
subsurface investigations be studied. Subsurface investigation and analyses should be
performed where necessary, in accordance with Chapter 10 - Geotechnical Investigation.
The investigations and analyses may be required to determine or establish the following:

e Nominal bearing pressure, consolidation properties, unit weight and shear strength
(drained or undrained strength for fine grained soils) for foundation soils/rocks.

e Shear strength, and unit weight of selected backfill.

e Shear strength and unit weight of random fill or in-situ soil behind selected backfill or
wall

e Location of water table
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14.4.5 Load and Resistance Factor Design Requirements
14.4.5.1 General

In the LRFD process, wall stability is checked as part of the design process for anticipated
failure modes for various types of walls at specified limit states, and the wall components are
sized accordingly.

To evaluate the limit states, all applicable design loads are computed as nominal or un-
factored loads, than factored using a load factor and grouped to consider the force effect of
all loads and load combinations in accordance with LRFD [3.4.1]. The factored loads are
compared with the factored resistance as part of the stability check in accordance with LRFD
[11.5] such that the factored resistance is not less than factored loads as presented in LRFD
[1.3.2.1]

Q=m1Q <¢R.=R LRFD [1.3.2.1-1]
Where:
l = Load moadifier (a function of np, nr, assumed 1.0 for retaining walls)
07 = Load factor
Qi = Force effect
Q = Total factored force effect
) = Resistance factor
Rn = Nominal resistance
R, = Factored resistance = ¢R,

14.4.5.2 Limit States

The limit states (as defined in LRFD [3.4.1]) that must be evaluated as part of the wall design
requirements mainly include (1) Strength limit states; (2) Service limit states; and (3) Extreme
Event limit states. The fatigue limit state is not used for retaining walls.

Strength limit state is applied to ensure that walls have adequate strength to resist external
stability failure due to sliding, bearing resistance failure, etc. and internal stability failure such
as pullout of reinforcement, etc. Evaluation of Strength limit states is accomplished by
grouping factored loads and comparing to the reduced or factored soil strengths using
resistance factors discussed in 14.4.5.6.

Service limit state is evaluated for overall stability and total or differential settlement checks.
Evaluation of the Service limit states is usually performed by using expected service loads
assuming a factor of 1.0 for nominal loads, a resistance factor of 1.0 for nominal strengths
and elastic analyses.

January 2011 14-27



60N,

§@'§ WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

Extreme Event Il limit state is evaluated to design walls for vehicular collision forces. In
particular, MSE walls having a traffic barrier at the top are vulnerable to damage due to
vehicle collision forces and this case for MSE Walls is discussed further in 14.6.3.10.

14.4.5.3 Design Loads

Retaining walls shall be designed to withstand all applicable loads generally categorized as
permanent and transient loads.

Permanent loads include dead load DC due to weight of the structural components and non
structural components of the wall, dead load DW loads due to wearing surfaces and utilities,
vertical earth pressure EV due to dead load of earth, horizontal earth pressure EH and earth
surcharge loads ES. Applied earth pressure and earth pressure surcharge loads are further
discussed in 14.4.5.4.

The transient loads include, but are not limited to, water pressure WA, live load surcharge
LS, and forces caused by the deformations due to shrinkage SH, creep CR and settlement
caused by the foundation SE.

These loads should be computed in accordance with LRFD [3.4] and LRFD [11.0]. Only
loads applicable for each specific wall type should be considered in the engineering
analyses.

14.4.5.4 Earth Pressure

Determination of earth pressure will depend upon types of wall structure (gravity, semi
gravity, reinforced earth wall, cantilever or anchored walls etc), wall movement, wall
geometry, wall friction, configuration, retained soil type, ground water conditions, earth
surcharge, and traffic and construction related live load surcharge. In general, earth
pressure on retaining walls shall be calculated in accordance with LRFD [3.11.5]. Earth
pressure that will develop on walls includes active, passive or at-rest earth pressure.

Active Earth Pressure

The active earth pressure condition exists when a retaining wall is free to rotate away from
the retained backfill. There are two earth pressure theories available for determining the
active earth pressure coefficient (k;); Rankine and Coulomb earth pressure theories. A
detailed discussion of Rankine and Coulomb theories can be found in Foundation Design-
Principles and Practices; by Donald P. Cudoto or Foundation Analysis and Design, 5" Edition
by Joseph E. Bowles as well as other standard text books on this subject.

Rankine earth pressure makes assumptions that the retained soil has a horizontal surface,
the failure surface is a plane and that the wall is smooth (i.e. no friction). Rankine earth
pressure theory is the preferred method for developing the active earth pressure coefficient;
however, where wall friction is an important consideration or where sloping surcharge loads
are considered, Coulomb earth pressure theory may be used. The use of Rankine theory will
cause a slight over estimation of K, therefore, increasing the pressure on the wall resulting in
a more conservative design.
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Walls that are cast-in-place (CIP) semi gravity concrete cantilever referred, hereafter, as CIP
cantilever, Mechanically Stabilized Earth (MSE), modular block gravity, soil nailing, soldier-
pile and sheet-pile walls are typically considered flexible enough to justify using an active
earth pressure coefficient.

At-Rest Earth Pressure

In the at-rest earth pressure (K,) condition, the top of the wall is not allowed to deflect or
rotate; therefore, requiring the wall to support the full pressure of the soil behind the wall.

The at-rest earth pressure coefficient shall be used to calculate the lateral earth pressure for
non-yielding retaining walls restrained from rotation and/or lateral translation in accordance
with LRFD [3.11.5.2]. Non-yielding walls include integral abutment walls, or retaining walls
resting on bedrock or pile foundation.

Passive Earth Pressure

The development of passive earth pressure (K;) requires a retaining wall to move into or
toward the soil. As with the active earth pressure, Rankine earth pressure is the preferred
method to be used to develop passive earth pressure coefficient. The use of Rankine theory
will cause an under estimation of K, therefore resulting in a more conservative design.
Coulomb earth pressure theory may be used if the appropriate conditions exist at a site;
however, the designer is required to understand the limitations on the use of Coulomb earth
pressure theory as applied to passive earth pressures.

Neglect any contribution from passive earth pressure in stability calculations unless the base
of the wall extends below the depth to which foundation soil or rock could be weakened or
removed by freeze-thaw, shrink-swell, scour, erosion, construction excavation, or any other
means. In wall stability calculations, only the embedment below this depth, known as the
effective embedment depth, shall be considered when calculating the passive earth pressure
resistance. This is in accordance with LRFD [11.6.3.5].

14.4.5.4.1 Earth Load Surcharge

The effect of earth load surcharge including uniform, strip, and point loads shall be computed
in accordance with LRFD [3.11.6.1] and LRFD [3.11.6.2].

14.4.5.4.2 Live Load Surcharge

Increased earth pressure on a wall occurs due to vehicular loading on top of the retained
earth including operation of large or heavily-loaded cranes, staged equipment, soil stockpile
or material storage, or any surcharge loads behind the walls. Earth pressure from live load
surcharge shall be applied when a vehicular load is within one half of the wall height behind
the back face of the wall or reinforced soil mass for MSE walls, in accordance with LRFD
[3.11.6.4]. In most cases, surcharge load can be modeled by assuming 2 ft of fill.
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WisDOT policy item:

The equivalent height of soils for vehicular loading on retaining walls parallel to the traffic shall
be 2.0 feet, regardless of the wall height. For standard unit weight of soil equal to 120 pcf, the
resulting live load surcharge is 240 psf. Walls without traffic shall be designed for a live load
surcharge of 100 psf to account for construction live loads..

14.4.5.4.3 Compaction Loads

Pressure induced by the compaction load can extend to variable depths due to the total static
and dynamic forces exerted by compaction equipments. The effect of increased lateral earth
pressure due to compaction loads during construction should be considered when
compaction equipment is operated behind the wall. The compaction load surcharge effect is
minimized by WISDOT standard specifications that require small walk behind compactors
within 3 ft of the wall.

14.4.5.4.4 Wall Slopes

The slopes above and below the wall can significantly affect the earth pressures and wall
stability. Slopes above the wall will influence the active earth pressure; slopes at the toe of
the wall influences the passive earth pressures. In general, the back slope behind the wall
should be no steeper than 2:1 (H:V). Where possible, a 4.0 ft wide horizontal bench should
be provided at the front face of the wall.

14.4.5.4.5 Loading and Earth Pressure Diagrams

Loading and earth pressure diagrams are developed to compute nominal (unfactored) loads
and moments. All applicable loads described in 14.4.5.3 and 14.4.5 shall be considered for
computing nominal loads. For a typical wall, the force diagram for the earth pressure should
be developed using a triangular distribution plus additional pressures resulting from earth or
live load surcharge, water pressure, compaction etc. as discussed in 14.4.5.4.

The engineering properties for selected fill, concrete and steel are given in 14.4.6. The
foundation and retained earth properties are selected as per discussions in 14.4.4 . One of
the three cases is generally applicable for the development of loading diagrams and earth
pressures:

1. Horizontal backslope with traffic surcharge

2. Sloping backslope

3. Broken backslope

Loading diagrams for CIP cantilever, MSE, modular block gravity, and prefabricated modular
walls are shown for illustration. The designer shall develop loading diagrams as applicable.
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CIP cantilever wall with sloping surcharge

For CIP cantilever walls, lateral active earth pressure shall be computed using Coulomb’s
theory for short heels or using Rankine theory for very long heels in accordance with the
criteria presented in LRFD [3.11.5.3] and LRFD [C3.11.5.3].

Walls resting on rock or batter piles can be designed for active earth pressure, based on
WisDOT policy and in accordance with LRFD [3.11.5.2].  Effect of the passive earth
pressure on the front face of the wall shall be neglected in stability computation, unless the
base of the wall extends below depth of maximum scour, freeze thaw or other disturbances
in accordance with LRFD [11.6.3.5].

Effect of surcharge loads ES present at the surface of the backfill of the wall shall be
included in the analysis in accordance with 14.4.5.4.1. Walls with horizontal backfill shall be
designed for live load surcharge in accordance with 14.4.5.4.2.
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Figurel4.4-1
Loading Diagram for a Cantilever Retaining Wall with Surcharge Loading
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MSE Walls

The loading and earth pressure diagram for an MSE wall shall be developed in accordance
with LRFD [11.11.2] and described below for the three conditions defined earlier in this

section.

MSE Wall with Horizontal Backslope and Traffic Surcharge

Figure 14.4-2 shows a procedure to estimate the earth pressure. The active earth

pressure for horizontal backslope is computed using a simplified version of Coulomb theory

Ka = tan?(45-d4/2)

and overall (global) satbility comp.

Assumed for overturning (eccentricity)
sliding and pullout resistance comp.

hi2

[s2d
2
=

Where:
K, = Coefficient of active earth pressure
OF = Angle of internal friction of retained earth
Horizontal Backstage with Traffic Surcharge
a+ + + + + + + + + + + + + + + + + + Assumed for bearing capacity
ayy vy v VvV
Reinforced Retained Fill
Soil Mass
H Fy=q HKg,p,
V=Y. HL \ F; =1/276 H* Ky
03
5 Rle]

L

B

Where: e = Eccentricity
q = Traffic surcharge

Figure 14.4-2

R=Resultant of vertical forces (v, + af)

MSE Walls Earth Pressure for Horizontal Backslope with Traffic Surcharge
(Source AASHTO LRFD)
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MSE Wall with Sloping Surcharge

The active earth pressure coefficient K, is computed using Coulomb’s equation. The force on
the rear of the reinforced soil mass (F;) and the resulting horizontal (F,) and vertical (F,)
forces are determined from the following equations:

Fi = 1/2 yih®Kar

Fn = F¢ cos B
Fy,=F¢sin B
Where:
7 = Unit weight of retained fill material
B = Slope angle of backfill behind wall
) = Angle of friction between retained backfill and reinforced backfill
h = See Figure 14.4-3
Kas = Use Coulomb’s equation
B
b 231 ‘ Retained Fill
h-H Vo=1eL (h-H) bt ar
- 2
[
Reinforced A8
Soil Mass _AlZ
dr¥r ke «<®
h B
H FVL/
V4= HL ’ =
H
€ h/3
A y D ‘
\
L
B
Figure 14.4-3

MSE Walls Earth Pressure for Sloping Backfill
(Source AASHTO LRFD)
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MSE Wall with Broken Backslope

For broken backslopes, the active earth pressure coefficient is determined using Coulomb’s
equation except that surcharge angle B and interface angle & is substituted with infinite slope
angle |. Force, F;, is determined using:

Fi =1/2 yh?K
— 2H pou |
T,
‘ /
h-H 8 Retained Fill
Vo=7eL 2(h-H) s Ve kat
' pr—
‘ !
Rejnforced )
Soil Mass “\“‘\’ 2
O ¥e ke A2
<
h FV I
H
V=T, HL = - [
H
€ h/3
y y
| |
L
B -
Fy= Fr cos (1)

Fy= Fr sine (I)
FOR INFINITE SLOPE 1=

Figure 14.4-4
MSE Walls Earth Pressure for Broken Backfill
(Source AASHTO LRFD)

Modular Block Gravity Wall with Sloping Surcharge

When designing a “Modular Block Gravity Wall” without setback and with level backfill, the
active earth pressure coefficient may be determined using Rankine theory from the following

formula.

K,=tan? (45-¢, /2)
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When designing a "Modular Block Gravity Wall" with setback, the active earth pressure
coefficient K, shall be determined from the following Coulomb formula. The interface friction
angle between the blocks and soil behind the blocks is assumed to be zero.

cos’ (¢ +A)
" cos® A cos A(L+(Z /Y)Y?)?

Where:
V4 = sin ¢ssin(¢r-P)
Y = CcOsA cos(A+pB)

||

[0’
TA/‘WW ]
[ / i~ ’
SB ’_‘j
2f | v
v
o ce.f @

| A
wgﬁ ’\; *

o
T
Rtan S
Ka (¥) (SUR)
— 2 Ka(¥r) (H)
% | CG = Distance to center of
R L gravity from face of block

2E

— ] |fE
L_ WW/2

Figure 14.4-5
Modular Block Gravity Wall Analysis

No live load traffic and live load surcharge shall be allowed on modular block gravity walls
although they are designed for a minimum live load of 100psf. The density of the blocks is
assumed to be 135 pcf and the drainage aggregate inside or between the blocks 120 pcf.
The forces acting on a modular block gravity wall are shown in Figure 14.4-5.
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Prefabricated Modular Walls

Active earth pressure shall be determined by multiplying vertical loads by the coefficient of
active earth pressure (K;) and using Coulomb earth pressure theory in accordance with
LRFD [3.11.5.3] and LRFD [3.11.5.9]. See Figure 14.4-6 for earth pressure diagram.

When the rear of the modules form an irregular surface (stepped surface), pressures shall be
computed on an average plane surface drawn from the lower back heel of the lowest module
as shown in Figure 14.4-7

Effect of the backslope soil surcharge and any other surcharge load imposed by existing
structure should be accounted as discussed in 14.4.5.4. Trial wedge or Culmann method
may also be used to compute the lateral earth pressure as presented in the Foundation
Analysis and Design, 5™ Edition (J. Bowles, 1996).
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Figure 14.4-6
Lateral Earth Pressure on Concrete Modular Systems of Constant Width
(Source AASHTO LRFD)
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Figure 14.4-7
Lateral Earth Pressure on Concrete Modular Systems of Variable Width
(Source AASHTO LRFD)
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14.4.5.5 Load factors and Load Combinations

The nominal loads and moments as described in 14.4.5.4.5 are factored using load factors
found in LRFD [Tables 3.4.1-1 and 3.4.1-2]. The load factors applicable for most wall types
considered in this chapter are given in Table 14.4-1. Load factors are selected to produce a
total extreme factored force effect, and for each loading combination, both maximum and
minimum extremes are investigated as part of the stability check, depending upon the
expected wall failure mechanism.

Direction Load Type Load Factor, y;
of Load
Strength | Limit Service |
Limit
Maximum | Minimum
Dead Load of Structural 1.25 0.90 1.00
Components and Non-structural
attachments DC

Earth Surcharge Load ES 1.50 0.75 1.00

Load
Fagfrs Vertical Earth Load EV 135 1.00 1.00
Vertical Water Load WA 1.00 1.00 1.00

Loads
Live Load Surcharge LS 1.75 0.0 1.00
Dead Load of Wearing Surfaces 1.50 0.65 1.00

and Utilities DW
Horizontal Earth Pressure EH
Active 1.50 0.90 1.00
Load
Factors At-Rest 1.35 0.90 1.00
for

Horizontal Passive 1.35 NA 1.00

Loads
Earth Surcharge ES 1.50 0.75 1.00
Live Load Surcharge LS 1.75 1.75 1.00

Table 14.4-1
Load Factors
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The factored loads are grouped to consider the force effect of all loads and load
combinations for the specified load limit state in accordance with LRFD [3.4.1]. Figure
14.4-8 illustrates the load factors and load combinations applicable for checking sliding
stability and eccentricity for a cantilever wall at the Strength | limit state. This figure shows
that structure weight DC is factored by using a load factor of 0.9 and the vertical earth load
EV is factored by using a factor of 1.0. This causes contributing stabilizing forces against
sliding to have a minimum force effect. At the same time, the horizontal earth load is factored
by 1.5 resulting in maximum force effect for computing sliding at the base.

e e
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Figure 14.4-8
Application of Load Factors
(Source AASHTO LRFD)
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14.4.5.6 Resistance Requirements and Resistance Factors

The wall components shall be proportioned by the appropriate methods so that the factored
resistance as shown in LRFD [1.3.2.1-1] is no less than the factored loads, and satisfy
criteria in accordance with LRFD [11.5.4] and LRFD [11.6] thru [11.11]. The factored
resistance R, is computed as follows: R; = ¢ R,

Where
Rr = Factored resistance
Rn = Nominal resistance recommended in the Geotechnical Report
) = Resistance factor

The resistance factors shall be selected in accordance with LRFD [Tables 10.5.5.2.2-1,
10.5.5.2.3-1, 10.5.5.2.4-1, 11.5.6.1]. Commonly used resistance factors for retaining walls
are presented in Table 14.4-2.

14.4.6 Material Properties

The unit weight and strength properties of retained earth and foundation soil/rock (ys) are
supplied in the geotechnical report and should be used for design purposes. Unless
otherwise noted or recommended by the Designer or Geotechnical Engineer of record, the
following material properties shall be assumed for the design and analysis if the selected
backfill, concrete, and steel conforms to the WisDOT’s Standard Construction Specifications:

Granular Backfill Soil Properties:

Internal Friction angle of backfill ¢; = 30 degrees
Backfill cohesion ¢ = 0 psf

Unit Weight ‘yf = 120 pcf

Concrete:

Compressive strength, f. at 28 days = 3500 psi
Unit Weight = 150 pcf

Steel reinforcement:

Yield strength f, = 60,000 psi

Modulus of elasticity Es = 29,000 ksi
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Wall-Type and Condition

Resistance
Factors

Mechanically Stabilized Earth Walls, Gravity Walls, and Semi-Gravity

Bearing resistance e Gravity & Semi-gravity 0.55
e MSE 0.65
Sliding 1.00
Tensile resistance of metallic reinforcement | Strip reinforcement 0.75
and connectors e Static loading
Grid reinforcement 0.65
e Static loading
Tensile resistance of geo-synthetic ¢ Static loading 0.90
reinforcements and connectors
Pullout resistance of tensile reinforcement e Static loading 0.90
Prefabricated Modular Walls
Bearing LRFD [10.5]
Sliding LRFD [10.5]
Passive resistance LRFD [10.5]
Non-Gravity Cantilevered and Anchored Walls
Axial compressive resistance of vertical elements LRFD [10.5]
Passive resistance of vertical elements 0.75
Pullout resistance of anchors o Cohesionless soils 0.65
e Cohesive soils 0.70
e Rock 0.50
Pullout resistance of anchors o Where proof tests are 1.00
conducted '
Tensile resistance of anchor tendons o Mild steel 0.90
e High strength steel 0.80
Flexural capacity of vertical elements 0.90
Table 14.4-2
Resistance Factors
Source LRFD [Table 11.5.6-1]
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14.4.7 Wall Stability Checks

During the design process, walls shall be checked for anticipated failure mechanisms relating
to external stability, internal stability (where applicable), movement and overall stability. In
general, external and internal stability of the walls should be investigated at Strength limit
states, in accordance with LRFD [11.5.1]. In addition, investigate the wall stability for
excessive vertical and lateral displacement and overall stability at the Service limit states in
accordance with LRFD [11.5.2]. Figure 14.4-2 thru Figure 14.4-14 show anticipated failure
mechanisms for various types of walls.

14.4.7.1 External Stability
The external stability should be satisfied (generally performed by the Geotechnical Engineer)
for all walls. The external stability check should include failure against lateral sliding,

overturning (eccentricity), and bearing pressure failure as applicable for gravity or non-gravity
wall systems in accordance with LRFD [11.5.3]. External stability checks should be

performed at the Strength | limit state.

SLIDING LIMITING ECCENTRICITY
(FAILURE DUE TO OVERTURNING)

BEARING OVERALL

Figurel4.4-9
External Stability Failure of CIP Semi-Gravity Walls
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Figure 14.4-10
External Stability Failure of MSE Walls
TENSION FAILURE FULLOUT FAILURE

Fiqure 14.4-11
Internal Stability Failure of MSE Walls
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Flexural Failure of Non-Gravity Walls
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Flexural Failure of Non-Gravity Walls
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14.4.7.2 Wall Settlement

Retaining walls shall be designed for the effects of total and differential foundation settlement
at the Service | limit state, in accordance with LRFD [11.5.2] and 11.2. Maximum tolerable
retaining wall total and differential foundation settlements are controlled largely by the
potential for cosmetic and/or structural damage to facing elements, copings, barrier,
guardrail, signs, pavements, utilities, structure foundations, and other highway
appurtenances supported on or near the retaining wall.

14.4.7.2.1 Settlement Guidelines

The following table provides guidance for maximum tolerable vertical and total differential
Settlement for various retaining wall types where Ah is the total settlement in inches and

Total Total Differential
Wall Type Settlement Ah | Settlement Ah1:L
in inches (in/in)
CIP semi-gravity cantilever walls 1-2 1:500
MSE walls with large pre-cast panel facing (panel 1-2 1:500
front face area >30ft* ) '
MSE walls with small pre-cast panel facing (panel 1-2 1:300
front face area <30ft* ) '
MSE walls with full-height cast-in-panel facing 1-2 1:500
MSE walls with dry cast concrete block facing 2-4 1:200
MSE walls with geo-textile /welded-wire facing 4-8 1:50-1:60
Concrete block gravity retaining walls (wet or dry 1-2 1:300
cast)
Concrete Crib walls 1-2 1:500
Bin walls 2-4 1:200
Gabion walls 4-6 1:50
Non-gravity cantilever and anchored walls -——-
1-2.5

Table 14.4-3
Maximum Tolerable Settlement Guidelines for Retaining Walls
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Ah1:L is the ratio of the difference in total vertical settlement between two points along the
wall base to the horizontal distance between the two points(L). It should be noted that the
tolerance provided in Table 14.4-3 are for guidance purposes only. More stringent tolerances
may be required to meet project-specific requirements.

14.4.7.3 Overall Stability

Overall stability of the walls shall be checked at the Service | limit state using appropriate
load combinations and resistance factors in accordance with LRFD [11.6.2.3]. The stability is
evaluated using limit state equilibrium methods. The Modified Bishop, Janbu or Spencer
method may be used for the analysis. The analyses shall investigate all potential internal,
compound and overall shear failure surfaces that penetrate the wall, wall face, bench, back-
cut, backfill, and/or foundation zone. The overall stability check is performed by the
Geotechnical Engineering Unit for WISDOT designed walls.

14.4.7 .4 Internal Stability

Internal stability checks including anchor pullout or soil reinforcement failure and/or structural
failure checks are also required as applicable for different wall systems. As an example, see
Figure 14.4-11 for internal stability failure of MSE walls. Internal stability checks must be
performed at Strength Limits in accordance with LRFD [11.5.3].

14.4.7.5 Wall Embedment

The minimum wall footing embedment shall be 1.5 ft below the lowest adjacent grade in front
of the wall.

The embedment depth of most wall footings should be established below the depths the
foundation soil/rock could be weakened due to the effect of freeze thaw, shrink-swell, scour,
scour, erosion, erosion, construction excavation. The potential scour elevation shall be
established in accordance with 11.2.2.1.1 of the Bridge Manual.

The final footing embedment depth shall be based on the required geotechnical bearing
resistance, wall settlement limitations, and all internal, external, and overall (global) wall
stability requirements in AASHTO LRFD and the Bridge Manual.

14.4.7.6 Wall Subsurface Drainage

Retaining wall drainage is necessary to prevent hydrostatic pressure and frost pressure.
Inadequate wall sub-drainage can cause premature deterioration, reduced stability and
collapse or failure of a retaining wall.

A properly designed wall sub-drainage system is required to control potentially damaging
hydrostatic pressures and seepage forces behind and around a wall. A redundancy in the
sub-drainage system is required where subsurface drainage is critical for maintaining
retaining wall stability. This is accomplished using a pervious granular fill behind the wall.
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Pipe underdrain must be provided to drain this fill. Therefore, “Pipe Underdrain Wrapped 6-
Inch” is required behind all gravity retaining walls where seepage should be relieved. Gabion
walls do not require a pipe drain system as these are porous due to rock fill. It is best to
place the pipe underdrain at the top of the wall footing elevation. However, if it is not possible
to discharge the water to a lower elevation, the pipe underdrain could be placed higher.

Pipe underdrains and weep holes may discharge water during freezing temperatures. In
urban areas, this may create a problem due to the accumulation of flow and ice on
sidewalks. Consideration should be given to connect the pipe underdrain to the storm sewer
system.

14.4.7.7 Scour

The probable depth of scour shall be determined by subsurface exploration and hydraulic
studies if the wall is located in flood prone areas. Refer to 11.2.2.1.1 for guidance related to
scour vulnerability and design of walls. All walls with shallow foundations shall be located
below the scour elevation.

14.4.7.8 Corrosion

All metallic components of WISDOT retaining wall systems subjected to corrosion, should be
designed to last through the designed life of the walls. Corrosion protection should be
designed in accordance with the criteria given in LRFD [11.10.6]. In addition, LRFD [11.8.7]
thru [11.10] also include design guidance for corrosion protection on non-gravity cantilever
walls, anchored walls and MSE walls respectively.

14.4.7.9 Utilities

Walls that have or may have future utilities in the backfill should minimize the use of soill
reinforcement. MSE, soil nail, and anchored walls commonly have conflicts with utilities and
should not be used when utilities must remain in or below the reinforced soil zone unless
there is no other wall option. Ultilities that are encapsulated by wall reinforcement may not be
accessible for replacement or maintenance. Utility agreements should specifically address
future access if wall reinforcing will affect access.

14.4.7.10 Guardrail and Barrier

Guardrail and barrier shall meet the requirements of the Chapter 30 - Railings, Facilities
Development Manual, Standard Plans, and AASHTO LRFD. In no case shall guardrail be
placed through MSE wall or reinforced slope soil reinforcement closer than 3 ft from the back
of the wall facing elements. Furthermore, the guard rail posts shall be installed through the
soil reinforcement in a manner that prevents ripping, damage and distortion of the soil
reinforcement. In addition, the soil reinforcement shall be designed to account for the
reduced cross-section resulting from the guardrail post holes.
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14.5 Cast-In-Place Concrete Cantilever Walls

14.5.1 General

A cast-in-place, reinforced concrete cantilever wall is a semi-gravity wall that consists of a
base slab or footing from which a vertical wall or stem extends upward. Reinforcement is
provided in both members to supply resistance to bending. These walls are generally
founded on good bearing material. Cantilever walls shall not be used without pile support if
the foundation stratum is prone to excessive vertical or differential settlement, unless
subgrade improvements are made. Cantilever walls are typically designed to a height of 28
feet. For heights exceeding 28 feet, consideration should be given to providing a counterfort.
Design of counterfort CIP walls is not covered in this chapter.

CIP cantilever walls shall be designed in accordance with AASHTO LRFD, design concepts
presented in 14.4 and the WisDOT Standard Specifications including the special provisions.

14.5.2 Design Procedure for Cast-in-Place Concrete Cantilever Walls

The CIP wall shall be designed to resist lateral pressure caused by supported earth,
surcharge loads and water in accordance with LRFD [11.6]. The external stability,
settlement, and overall stability shall be evaluated at the appropriate load limit states in
accordance with LRFD [11.5.5], to resist anticipated failure mechanism. The structural
components mainly stem and footing should be designed to resist flexural resistance in
accordance with LRFD [11.6.3].

Figure 14.5-1 shows possible external stability failure and deep seated rotational failure
mechanisms of CIP cantilever walls that must be investigated as part of the stability check.
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SLIDING LIMITING ECCENTRICITY
(FAILURE DUE TO OVERTURNING)

BEARING OVERALL

Figure 14.5-1
CIP Semi-Gravity Wall Failure Mechanism

14.5.2.1 Design Steps

The general design steps discussed in 14.4.1 shall be followed for the wall design. These
steps as applicable for CIP cantilever walls are summarized below.

1. Establish project requirements including wall height, geometry and wall location as
discussed in 14.1 of this chapter.

2. Perform Geotechnical investigation and testing

3. Develop soil strength parameters
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Determine preliminary sizing for external stability evaluation
Determine applicable unfactored or nominal loads
Evaluate factored loads for all appropriate limit states

Perform stability check to evaluate bearing resistance, overturning, and sliding as
part of external stability

Estimate wall settlement and lateral wall movement to meet guidelines stated in Table
14.4-3.

Check overall stability and revise design, if necessary, by repeating steps 4 to 8.

It is assumed that steps 1, 2 and 3 have been performed prior to starting the design process.

14.5.3 Preliminary Sizing

A preliminary design can be performed using the following guideline.

1.

The wall height and alignment shall be selected in accordance with the preliminary
plan preparation process discussed in 14.1.

Preliminary CIP wall design may assume a stem top width of 12 inches. Stem
thickness at the bottom is based on load requirements and/or batter. The front batter
of the stem should be set at V4 inch per foot for stem heights up to 28 feet. For stem
heights from 16 feet to 26 feet inclusive, the back face batter shall be a minimum of %
inch per foot, and for stem heights of 28 ft maximum and greater, the back face shall
be % inch per foot per stability requirements.

Minimum Footing thickness for stem heights equal to or less than 10 ft shall be 1.5 ft
and 2.0 ft when the stem height exceeds 10 ft or when piles are used.

The base of the footing shall be placed below the frost line, or 4 feet below the
finished ground line. Selection of shallow footing or deep foundation shall be based
on the geotechnical investigation, which should be performed in accordance with
guidelines presented in Chapter 11 - Foundation Support.

The final footing embedment shall be based on wall stability requirements including
bearing resistance, wall settlement limitations, external stability, internal stability and
overall stability requirements.

If the finished ground line is on a grade, the bottom of footings may be sloped to a
maximum grade of 12 percent. If the grade exceeds 12 percent, place the footings
level and use steps.

The designer has the option to vary the values of each wall component discussed in
steps 2 to 6 above, depending on site requirements and to achieve economy. See Figure
14.5-2 for initial wall sizing guidance.
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Figure 14.5-2
CIP Walls General Details

14.5.3.1 Wall Back and Front Slopes

CIP walls shall not be designed for backfill slope steeper than 2:1(H:V). Where practical,
walls shall have a horizontal bench of 4.0 feet wide at the front face.

14.5.4 Unfactored and Factored Loads

Unfactored loads and moments are computed after establishing the initial wall geometry and
using procedures defined in 14.4.5.4.5. A load diagram as shown in Figure14.4-1 for the
earth pressure is developed assuming a triangular distribution plus additional pressures
resulting from earth surcharge, water pressure, compaction or any other loads, etc. The
material properties for backfill soil, concrete and steel are given in 14.4.6. The foundation
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and retained earth properties as recommended in the Geotechnical Report shall be used for
computing nominal loads.

The computed nominal loads discussed in 14.5.4 are multiplied by applicable load factors
given in Table 14.4-1. Figure 14.4-8 shows load factor and load combinations along with their
application for the load limit state evaluation. A summary of load factors and load
combinations as applicable for a typical CIP cantilever wall is presented in Table 14.4-1 and
LRFD [3.4.1], respectively. Computed factored loads and moments are used for performing
stability checks.

14.5.5 External Stability Checks

The external stability check includes checks for limiting eccentricity (overturning), bearing
stress, and sliding at Strength | and Extreme Event Il due to vehicle impact in cases where
live load traffic is carried.

14.5.5.1 Eccentricity Check

The retaining wall shall be evaluated for the eccentricity. The location of the resultant force
should be within the middle half of the base width (e<B/4) of the foundation centroid for
foundations on soil, and within the middle three-fourths of the base width (e< 3B/8) of the
foundation centroid for foundations on rock. If there is inadequate resistance to overturning
(eccentricity value greater than limits given above), consideration should be given to either
increasing the width of the wall base, or providing a deep foundation.

14.5.5.2 Bearing Resistance

The Bearing resistance shall be evaluated at the strength limit state using factored loads and
resistances. Bearing resistance of the walls founded directly on soil or rock shall be
computed in accordance with 11.2 and LRFD [10.6]. The Bearing Resistance for walls on
piles shall be computed in accordance with 11.3 and LRFD [10.6]. Figure 14.5-3 shows
bearing stress criteria for a typical CIP wall on soil and rock respectively.

The vertical stress for footings on soil shall be calculated using:

2V
° T (B-2e)

For walls founded on rock, the vertical stress is calculated assuming a linearly distributed
pressure over an effective base area. The vertical stress for footings on rock shall be
computed using:

DV

o125
B
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Where
2V = Summation of vertical forces
B = Base width
e = Eccentricity as shown in Figure 14.5-3 and Figure 14.5-4

If the resultant is outside the middle one-third of the wall base, then the vertical stress shall
be computed using:

2>V
vmax —| o\
S(B — e)
2

Gvmin= 0

(o}

The computed vertical stress shall be compared with factored bearing resistance in
accordance with the LRFD [10.6.3.1] using following equation:

gr = ¢o0n > Oy
Where:
qr = Factored bearing resistance
On = Nominal bearing resistance computed using LRFD [10.6.3.1.2-a]
Gy = Vertical stress
B = Base width
e = Eccentricity as shown in Figure 14.5-3 and Figure 14.5-4
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Figure 11.6.3.2-1 Bearing Stress Criteria for Conventional Wall Foundations on Soil.

Fiqure 14.5-3

Loading Diagram and Bearing Stress Criteria for CIP Cantilever Walls on Soil
(source AASHTO LRFD)
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Figure 11.6.3.2-2 Bearing Stress Criteria for Conventional Wall Foundations on Rock.

Figure 14.5-4
Loading Diagram and Bearing Stress Criteria for CIP Cantilever Walls on Rock
(source AASHTO LRFD)
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14.5.5.3

Sliding

The sliding resistance of CIP cantilever walls is computed by considering the wall as a
shallow footing resting on soil/rock or footing resting on piles in accordance with LRFD

[10.5].

Sliding resistance of a footing resting on soil/rock foundation is computed in

accordance with the LRFD [10.6.3.4] using the equation given below:

Rr = ¢ Ry = ¢: Re + ¢epRep
Where:
Rr = Factored resistance against failure by sliding
R, = Nominal sliding resistance against failure by sliding
O = Resistance factor for shear between soil and foundation per LRFD [Table
10.5.5.2.2.1]
R. = Nominal sliding resistance between soil and foundation
dep = Resistance factor for passive resistance per LRFD Table [10.5.5.2.2.1]
Rep = Nominal passive resistance of soil throughout the life of the structure

Contribution from passive earth pressure resistance against the embedded portion of the wall is

neglected
other mea
of the wall

if the soil in front of the wall can be removed or weakened by scouring, erosion or any
ns. Also, the live load surcharge is not considered as a stabilizing force over the heel
when checking sliding.

If adequate sliding resistance cannot be achieved, footing design may be modified as follows:

Increase the base width of the footing
Construct a shear key

Increase wall embedment to a sufficient depth, where passive resistance can be
relied upon

Incorporate a deep foundation, including battered piles (Usually a costly measure)

Guideline for selecting the shear key design is presented in 14.5.7.3. The design of wall footings
resting on piles is performed in accordance with LRFD [10.5] and Chapter 11 - Foundation
Support. Footings on piles resist sliding by the following:

1.

2.

Passive earth pressure in front of wall. Same as spread footing.

Lateral resistance of vertical piles as well as the horizontal components of battered
piles. Maximum batter is 3 inches per foot. Refer to Chapter 11 - Foundation Support
for lateral load capacity of piles.
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3. Lateral resistance of battered or vertical piles in addition to horizontal component of
battered piles. Refer to Chapter 11- Foundation Support for allowable lateral load
capacity.

4. Do not use soil friction under the footing as consolidation of the soil may eliminate
contact between the soil and footing.

14.5.5.4 Settlement

The settlement of CIP cantilever walls can be computed in accordance with guidelines and
performance criteria presented in 14.4.7.2. The guideline for total and differential settlement
is presented in Table 14.4-3. The actual performance limit can be changed for specific
project requirements. For additional guidance contact the Geotechnical Engineering Unit.

14.5.6 Overall Stability

Investigate Service 1 load combination using an appropriate resistance factor and
procedures discussed in LRFD [11.6] and 14.4.7.3. In general, the resistance factor, ¢, may
be taken as;

e 0.75 - where the geotechnical parameters are well defined, and slope does not
support or contain a structural element.

e 0.65 — where the geotechnical parameters are based on limited information or the
slope contains or supports a structural element.

14.5.7 Structural Resistance

The structural design of the stem and footing shall be performed in accordance with
AASHTO LRFD and the design guidelines discussed below.

14.5.7.1 Stem Design

The initial sizing of the stem should be selected in accordance with criteria presented in
14.5.3. The stems of cantilever walls shall be designed as cantilevers supported at the
footing. Axial loads (including the weight of the wall stem and frictional forces due to backfill
acting on the wall stem) shall be considered in addition to the bending due to eccentric
vertical loads, surcharge loads and lateral earth pressure if they control the design of the wall
stems. The flexural design of the cantilever wall should be performed in accordance with
AASHTO LRFD.

Loads from railings or parapets on top of the wall need not be applied simultaneously with
live loads. These are dynamic loads which are resisted by the mass of the wall.

14.5.7.2 Footing Design

The footing of a cantilever wall shall be designed as a cantilever beam. The heel section
must support the weight of the backfill soil and the shear component of the lateral earth
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pressure. All loads and moments must be factored using the criteria load factors discussed
in 14.5.4. Use the following criteria when designing the footing.

1. Minimum footing thickness shall be selected in accordance with criteria presented in
14.5.3. The final footing thickness shall be based on shear at a vertical plane behind
the stem.

2. For toe, design for shear at a distance from the face of the stem equal to the effective
"d" distance of the footing. For heel, design for shear at the face of stem.

3. Where the footing is resting on piles, the piles shall be designed in accordance with
criteria for pile design presented in Chapter 11 — Foundation Support. Embed piles
six inches into footing. Place bar steel on top of the piles.

4. For spread footings, use a minimum of 3 inches clear cover at the bottom of footing.
Use 2 inches clear cover for edge distance.

5. The critical sections for bending moments in footings shall be taken at the front and
back faces of the wall stem. Bearing pressure along the bottom of the heel extension
may conservatively be ignored. No bar steel is provided if the required area per foot is
less than 0.05 square inches.

6. Design for heel moment, without considering the upward soil or pile reaction, is not
required unless such a condition actually exists.

14.5.7.3 Shear Key Design
A shear key shall be provided to increase the sliding resistance when the factored sliding
resistance determined using procedure discussed in 14.5.5.3 is inadequate. Use the
following criteria when designing the shear key:
1. Place shear key in line with stem except under severe loading conditions.
2. The key width is 1'-0" in most cases. The minimum key depth is 1'-0".
3. Place shear key in unformed excavation against undisturbed material.

4. Analyze shear key in accordance with LRFD [10.6.3.4] and 14.5.5.3 .

5. The shape of shear key in rock is governed by the quality of the rock, but in general a
1 ft. by 1 ft key is appropriate.

14.5.7.4 Miscellaneous Design Information

1. Contraction joints shall be provided at intervals not exceeding 30 feet and expansion
joints at intervals not exceeding 90 feet for reinforced concrete walls. Typical details
of expansion and contraction joints are given in Figure 14.5-5. Expansion joints shall
be constructed with a joint, filling material of the appropriate thickness to ensure the
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functioning of the joint and shall be provided with a waterstop capable of functioning
over the anticipated range of joint movements.

Top of wall
%4" Preformed filler - top
of footing to top of wall

1'-1%"

Note: Fill with nonstaining gray i
single component non-bituminous v
joint sealer from 1'-0" below ground
line to top of wall.

1“

18" Rubberized membrane

waterproofing
/- N N

4-0"

Elevation Of Wall

4 4

Front face of wall J \3{ Rustication

See detail

Vertical Expansion Joint
Do not run any bar steel thru joint
Max. spacing of joint = 90'

18" Rubberized membrane

waterproofing
; N N
z + e

<z <z
) T v | 2" || %"

Front face of wall J % Rustication :21/4=

See detail
Vertical Contraction Joint Rustication Detail
Do not run any bar steel thru joint Typical horizontal and vertical
Max. spacing of joint = 30’

1"

Figure 14.5-5
Retaining Wall Joint Details
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2. Optional transverse construction joints are permitted in the footing, with a minimum
spacing of three panel lengths. Footing joints should be offset a minimum of 1'-0 from
wall joints. Run reinforcing bar steel thru footing joints.

3. The backfill material behind all cantilever walls shall be granular, free draining, non
expansive, non-corrosive material and shall be drained by weep holes with pervious
material or other positive drainage systems, placed at suitable intervals and
elevations. Granular backfill is placed behind the wall only to a vertical plane 18
inches beyond the face of footing. Lower limit is to the bottom of the footing.

4. If a wall is adjacent to a traveled roadway or sidewalk, use pipe underdrains in back
of the wall instead of weep holes. Use a six-inch pipe wrapped underdrain located as
detailed in this chapter. Provide a minimum slope of 0.5% and discharge to suitable
drainage (i.e. a storm sewer system or ditch).

14.5.8 Design Tables for Cast-in-Place Concrete Cantilever Walls

Design tables suitable for use in preliminary design have been assembled and presented in
this sub-section. These design tables are based on WisDOT design criteria and the material
properties summarized in Table 14.5-1. Active earth pressure for the design tables was
computed using the Rankine’s equation for horizontal slopes and Coulomb’s equation for
surcharged slopes with the resultant perpendicular to the wall backface plus the wall friction
angle. It was assumed that no water pressure exists. Service limit states were ignored in the
analyses. The requirement of concrete is in accordance with LRFD [5.4.2] and 9.2. The
requirement for bar steel is based on LRFD [5.4.3] and 9.3. The aforementioned
assumptions were used in creating Table 14.5-2 thru Table 14.5-7. Refer to Figure 14.5-2
for details.

These tables should not be used if any of the assumptions or strength properties of the
retained or foundation earth or the materials used for construction are different than those

used in these design tables. The designer should also determine if the long-term or short-
term soil strength parameters govern external stability analyses.

14.5.9 Design Examples

Refer to 14.18 for the design examples.
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Design Criteria/Assumptions Value
Concrete strength 3.5 ksi
Reinforcement yield strength 60 ksi
Concrete unit weight 150 pcf
Soil unit weight 120 pcf
Friction angle between fill and wall 21 degrees
Angle of Internal Friction (Soil - Backfill) 30 degrees
Angle of Internal Friction (Soil - Foundation) 34 degrees
Angle of Internal friction (Rock) 25 degrees
Cohesion (Soil) 0 psi
Cohesion (Rock) 20 psi
Soil Cover over Footing 4 feet
Stem Front Batter 0.257/ft
Stem Back Batter See Tables
Factored bearing resistance (On Soil) LRFD [10.6.3.1.2]
Factored bearing resistance (On Rock) 20 ksf
Live Load Surcharge (Traffic) 240 psf
Live Load Surcharge (No Traffic) 100 psf
Lateral Earth Pressure (Horizontal Backfill) Rankine
Lateral Earth Pressure (2:1 Backfill) Coulomb

Table 14.5-1

Assumptions Summary for Preliminary Design of CIP Walls
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HORIZONTAL BACKFILL — NO TRAFFIC — ON SOIL

H B A D |Batter Toe Steel Heel Steel Stem Steel |Shear

(ft) (ft) (ft) (ft) | (in/ft)|SizeSpa L |SizeSpa L Size Spa | Key [ DSK
6 | 36" 0-9" 1-6"[ 0O [-—- -— = |- -— - —- = [ NO| -
8 | 4-6" 1-0" 1-6"| O |-— -— - 4 12 3'-5"| 4 12 | NO | -
10 | 53" 1-3" 1-6"] 0 (- - - 4 12 3'-10"| 4 12 | NO | -
12 | 6-3" 1-6" 20" 0 |- -— - 4 10 4'-7"] 5 12 | NO | -
14 | 73" 1-9" 2-0"| 0 |4 12 2-7"[5 9 5-6"| 6 10 | NO | --
16 | 8-0" 2-0" 2-0"]050f4 12 2'-10"[5 8 5-5"]| 6 10 | NO | -
18 | 8-9" 2-3" 2-0"[(050(4 12 3-1"|7 11 6-7"| 6 8 | NO| -
20 | 9-9" 2-6" 2-0"|050|4 10 3-4"|7 8 T7T-3"| 7 8 | NO| -
22 [10-6" 2-9" 2-3"|050]14 9 3-7"[9 12 9-2"] 9 12 | NO | ---
24 | 11-6" 3-0" 2-9"|05014 9 3-10"19 11 9'-10"| 8 9 | NO| -
26 | 12-0" 4-0" 2-9"|050|5 8 4'-10"(8 8 8-5"| 8 8 | YES|1-6"
28 | 13-0" 5-0" 3-0"|075|7 11 6'-6"|8 8 7'-9"| 8 7 | YES|1-6"

Table 14.5-2
Reinforcement for Cantilever Retaining Walls
HORIZONTAL BACKFILL — TRAFFIC — ON SOIL
H B A D |Batter Toe Steel Heel Steel Stem Steel | Shear
(ft) (ft) (ft) (ft) | (in/ft)[SizeSpa L [SizeSpa L Size Spa | Key [ DSK
6 | 4-6" 0-6" 1-6" 0 |- - - 4 12 3-11"| —- -— | NO | --
8 | 5-3" 0-9" 1-6" 0 |- - - 4 11 4'-5"| 4 12 | NO | -
10 | 6-6" 1-0" 1-6" 0 |-~ - - 6 12 5-11"| 4 8 | NO [ --
12 | 7-3" 1-3" 2-0" 0 |- - - 6 11 6'-5"| 5 9 | NO [ -
14 | 8-3" 1-6" 2-0" o |- - - 7 10 7-7"| 6 9 | NO | -
16 | 9-0" 2-3" 2-0"[050| 4 12 3-1"| 7 10 7-0"| 6 9 | NO| --
18 | 9-3" 2-9" 2-0"]050| 4 10 3-7"|7 10 6'-7"| 8 12 | YES | 1-0"
20 | 10-0" 3-6" 2-0"(050|5 9 4-4"|6 7 6-0"| 8 10 | YES [ 1'-0"
22 | 11-0" 4-3" 2-3"|]050|5 7 5-1"|6 7 6'-2"| 7 7 | YES|1-0"
24 | 11-9" 5-0" 2-6"|050|7 10 6-6"|6 7 6-0"| 9 11 | YES | 1-6"
26 [12-9" 5-9" 2-9"(050|8 11 7-9"|6 7 6-2"| 9 9 | YES|1-6"
28 | 14-3" 7-0" 3-0"]075]19 11 9-7"|6 7 5-9"| 9 9 | YES|2-0"
Table 14.5-3
Reinforcement for Cantilever Retaining Walls
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2:1 BACKFILL — NO TRAFFIC — ON SOIL

H B A D [|Batter] Toe Steel Heel Steel Stem Steel [Shear|

(ft) (ft) (ft) (ft) |(in/ft)|SizeSpa L |SizeSpa L Size Spa | Key [ DSK
6 [ 4-6" 2-0" 1-6"| 0 |-~ == === |- - 4 12 | YES [1-0"
8 [ 6-0" 2-6" 1-6"| 0 [4 12 3-4"]14 12 3-5"| 4 9 [YES|1-0"
10 | 7-6" 2-0" 1-6"] 0 [4 12 2-10"| 6 11 5-11"| 6 9 | YES|1-0"
12 | 9-0" 1-9" 2-0"| O (4 12 2-7"|7 9 8-2"| 8 11 | YES [1-0"
14 [ 10-6" 2-6" 2-6"| 0 [4 12 3-4"]18 10 9-8"| 9 10 [ YES [ 1'-6"
16 [ 12-3" 3-9" 2-9" 10505 12 4-7" |7 7 8-10"] 9 10 | YES [ 2'-0"
18 | 14'-0" 4-6" 3-0"]1050(6 12 5-719 9 11-2"( 10 10 | YES|2-0"
20 | 15-6" 5-6" 3-3"|050|7 11 7-0"|10 11 12'-8"| 10 8 | YES|[2-9"

Table 14.5-4
Reinforcement for Cantilever Retaining Walls
HORIZONTAL BACKFILL — NO TRAFFIC — ON ROCK
H B A D Batter Toe Steel Heel Steel Stem Steel
(ft) (ft) (ft) (ft) | (in/ft) |Size Spa L |Size Spa L Size Spa
6 2'-9" 0-9" 1-6" 0 |- - 4 12
8 3-6" 1-0" 1-6" 0 |- - 4 12
10 | 4'-3" 1-3" 1'-6" 0 |- -- 4 12 2'-10"| 4 12
12 5-0" 1-6" 2-0" 0 4 12 2-4"14 12 3'-4" 5 12
14 5-9" 1-9" 2-0" 0 4 12 2-7"14 12 3-10"| 6 10
16 6-6" 2'-0" 2-0"]050|4 12 2'-10"| 4 11 3 -8" 6 10
18 7-3" 2-3" 2-0"]05014 11 3-1"| 5 12 4-3" 6 8
20 7-9" 2-6" 2-0"]050|5 11 3-4"|15 9 4-5" 8 11
22 8-6" 2-9" 2-0"]050|5 9 3-7"]16 10 5-1" 7 7
24 9-3" 3-0" 2-0"|050|6 10 4-1"| 7 10 6-0" 9 11
26 |10-0" 3-3" 2-3"|050| 6 9 4-4"18 11 7-2"]1 10 12
28 | 10-6" 3-6" 2-6"|075|/6 8 4-7"18 11 6'-9" 9 9
Table 14.5-5

Reinforcement for Cantilever Retaining Walls
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HORIZONTAL BACKFILL — TRAFFIC — ON ROCK

H B A D |Batter Toe Steel Heel Steel Stem Steel
(ft) (ft) (ft) (ft) | (in/ft)|SizeSpa L |SizeSpa L Size Spa
6 3-6" 0-9" 1-6" 0 |- - 4 12
8 4'-3" 1-0" 1-6" 0 |— - 4 12 3'-2"| 4 12
10 [ 5-0" 1-3" 1-6" 0 |- -- 4 12 3'-7"] 4 8
12 | 5-9" 1-6" 2-0" 0 (- - 4 12 4'-1"] 5 9
14 | 6-6" 1-9" 2-0" 0 4 12 2-7"| 4 8 4-6"| 6 9
16 | 7-3" 2-0" 2-0"]050] 4 12 2-10"| 4 7 4'-5"| 7 12
18 | 8-0" 2-3" 2-0"|1050|4 11 3-1"| 6 11 5-4"| 8 12
20 | 8-9" 2-6" 2-3"|050|4 9 3-4"]6 9 5-9"| 8 10
22 | 9-6" 2-9" 2-6"[050| 5 12 3-7" |7 11 6'-8"[ 9 12
24 110-3" 3-0" 2-9"|050| 5 10 3-10"|7 9 7-1"| 9 11
26 | 11-0" 4-0" 2-6"|050|7 10 5-6"]|8 11 7'-5"| 8 7
28 | 11-9" 4-3" 2-9"]075(6 7 5-4"]18 11 7-3"]| 8 7
Table 14.5-6
Reinforcement for Cantilever Retaining Walls
2:1 BACKFILL — NO TRAFFIC — ON ROCK
H B A D Batter Toe Steel Heel Steel Stem Steel
(ft) (ft) (ft) (ft) | (in/ft)|SizeSpa L |SizeSpa L Size Spa
6 3-9" 2-0" 1-6" 0 (- - 4 12
8 5-0" 2-9" 1-6" 0 4 12 3-7"| 4 12 2'-2"| 4 12
10 | 6-0" 3-3" 1'-6" 0 4 9 4-1"|14 12 2'-7"] 6 12
12 | 7-0" 4-0" 2-0" 0 5 11 4-10"| 4 12 2'-10"| 6 9
14 | 8-3" 4-6" 2-0" 0 6 10 5-7"|4 12 3-7"] 8 11
16 [ 9-0" 5-3" 2-0"]050]8 11 7-3"]4 12 2'-11"| 8 11
18 | 10-0" 4-9" 2-0"|050| 8 10 6-9"| 6 11 4'-10"| 9 10
20 [11-3" 4-0" 2-6"]|050|7 10 5-6"|8 10 8-0"] 11 11
22 [ 12'-3" 4-6" 3-0"]050(7 9 6-0"|9 12 9-2"] 11 9
Table 14.5-7

Reinforcement for Cantilever Retaining Walls
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14.5.10 Summary of Design Requirements
1. Stability Check
a. Strength | and Extreme Event Il limit states
e Eccentricity check
e Bearing Stress check
e Sliding
b. Service | limit states
e Overall Stability
e Settlement
2. Foundation Design Parameters
Use values provided by Geotechnical analysis
3. Concrete Design Data
o f'c = 3500 psi
o fy=60,000 psi
4. Retained Soil
e Unit weight = 120 Ib/ft?
o Angle of internal friction - use value provided by Geotechnical analysis
5. Soil Pressure Theory

e Coulomb theory for short heels or Rankine theory for long heels at the
discretion of the designer.

o

Surcharge Load
e Traffic live load surcharge = 2 feet = 240 Ib/ft?

e If no traffic surcharge, use 100 Ib/ft?
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7. Load Factors

GFOUp 'YDC ’YEV ’YLSV YLSh ’YEH ’YCT PrObab|e use
Strength l-a | 0.90 [ 1.00| 1.75 | 1.75 | 1.50 Sliding, eccentricity check
Strength I-b | 1.25 | 1.35| 1.75 | 1.75 | 1.50 Bearing /wall strength
Extreme Il- | 0.90 | 1.00 - - - 1.00 | Sliding, eccentricity check

a
Extreme ll- | 1.25 | 1.35 - - - 1.00 | Bearing
b
Service | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 Global/settlement/wall crack
control
Table 14.5-8

Load Factor Summary for CIP Walls

8. Bearing Resistance Factors
For Standard Penetration test (SPT) and Footing on soils and Rock
e ¢,=0.45LRFD Table [10.5.5.2.2-1]
9. Sliding Resistance Factors
For SPT test and Footing on soils and Rock
e ¢.=1.0 LRFD Table [11.5.6-1]
e ¢pp=0.5LRFD Table [10.5.5.2.2-1]
10. Sliding Resistance Factors
For SPT test and Footing on soils and Rock
e ¢.=1.0 LRFD Table [11.5.6-1]

e Opp=0.5LRFD Table [10.5.5.2.2-1]
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14.6 Mechanically Stabilized Earth Retaining Walls

14.6.1 General Considerations

Mechanically Stabilized Earth (MSE) is the term used to describe the practice of reinforcing a
mass of soil with either metallic or geosynthetic soil reinforcement which allows the mass of
soil to function as a gravity retaining wall structure. The soil reinforcement is placed
horizontally across potential planes of shear failure and develops tension stresses to keep
the soil mass intact. The soil reinforcement is attached to a wall facing located at the front
face of the wall.

The design of MSE walls shall meet the AASHTO LRFD requirements in accordance with
14.4.2. The service life requirement for both permanent and temporary MSE wall systems is
presented in 14.4.3.

The MSE walls shall be designed for external stability of the wall system and internal stability
of the reinforced soil mass. The overall stability shall also be considered as part of design
evaluation. MSE walls are proprietary wall systems and the design responsibilities with
respect to overall, external, and internal stability is shared between the designer and
contractor. The designer is responsible for the overall, and external stability, whereas the
contractor is responsible for the internal stability and structural design of the wall. The
responsibilities of the designer and contractor are outlined in 14.6.3.2. The design of MSE
walls provided by the contractor must also be in compliance with the WisDOT special
provisions as stated in 14.15.2 and 14.16

The guidelines provided herein for MSE walls do not apply to geometrically complex MSE
wall systems such as tiered walls (walls stacked on top of one another), back-to-back walls,
or walls which have trapezoidal sections. Design guidelines for these cases are provided in
publications FHWA-NHI-10-024 and FHWA-NHI-10-025.

Horizontal alignment and grades at the bottom and top of the wall are determined by the

design engineer. The design must be in compliance with the WisDOT special provisions for
the project and the policy and procedures as stated in the Bridge Manual and FDM.

14.6.1.1 Usage Restrictions for MSE Walls

Construction of MSE walls with either block or panel facings should not be used when any of
the following conditions exist:

1. If the available construction limit behind the wall does not meet the soil reinforcement
length requirements.

2. Sites where extensive excavation is required or sites that lack granular soils and the cost
of importing suitable fill material may render the system uneconomical.

3. At locations where erosion or scour may undermine or erode the reinforced fill zone or
any supporting leveling pad.

January 2011 14-69



60N,

§@'§ WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

4. Soil is contaminated by corrosive material such as acid mine, drainage, other industrial
pollutants, or any other condition which increases corrosion rate, such as the presence
of stray electrical currents.

5. There is potential for placing buried utilities within (or below) the reinforced zone unless
access is provided to utilities without disrupting reinforcement and breakage or rupture of

utility lines will not have a detrimental effect on the stability of the wall. Contact
WisDOT’s Structures Design Section.

In addition to the above, MSE Walls with block facings should not be used if any of the
following condition exist:

6. The wall is a component of an abutment structure, either a wingwall or a wall parallel to
C/L of bearing.

7. If a railing or fence is placed behind the wall, the posts cannot be driven thru the
reinforcement as it will misalign the facing. The reinforcement must be cut and holes
made or preferably a blockout is provided. This only applies to the top layer which
should be no more than 24 inches below the top of the finished grade. Penetration thru
the second layer of reinforcement following conditions exist:

8. The wall is a component of an abutment structure, either a wingwall or a wall parallel to
the C/L of bearing.

9. Traffic barriers or roadway pavements are vertically supported by the wall.

14.6.2 Structural Components

The main structural elements or components of an MSE wall are discussed below. General
elements of a typical MSE wall are shown in Figure 14.6-1. These include:

e Reinforced Earthfill
e Reinforcement

o Wall Facing Element
e Leveling Pad

e Wall Drainage

A combination of different wall facings and reinforcement provide a choice of selecting an
MSE wall which can be used for several different functions.
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Figure 14.6-1
Structural Components of MSE Walls

14.6.2.1 Reinforced Earthfill Zone

The reinforced backfill to be used to construct the MSE wall shall meet the criteria in the wall
specifications. The backfill shall be free from organics, or other deleterious material. It shall
not contain foundry sand, bottom ash, blast furnace slag, or other potentially corrosive

material. It shall meet the electrochemical criteria given in Table 14.6-1.
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Reinforcement Material Property Criteria
Metallic Resistivity > 3000 ohm cm/H
Metallic Chlorides <100 ppm
Metallic Sulfates < 200 ppm
Metallic/Geosynthetic pH 3.5<pH <9

Table 14.6-1

Electrochemical Properties of Reinforced Fill MSE Walls

An angle of internal friction of 30 degrees and unit weight of 120 pcf shall be used for the
stability analyses as stated in 14.4.6. If it is desired to use an angle of internal friction greater
than 30 degrees, it shall be determined by the standard Direct Shear Test, AASHTO T-236,
on the portion finer than the No. 10 sieve, utilizing a sample of the material compacted to 95
percent of AASHTO T-99 (with the appropriate correction for coarse particles) at optimum
moisture content. The maximum allowable angle of internal friction with testing, is 36
degrees. No testing is required for backfills where 80% of aggregates are greater than %-
inch.

14.6.2.2 Reinforcement:

Soil reinforcement can be either metallic (strips or bar grids like welded wire fabric) or non-
metallic including geo-textile and geogrids made from polyester, polypropylene, or high
density polyethylene. Metallic reinforcements are also known as inextensible reinforcement
and the non-metallic as extensible. Inextensible reinforcement deforms less than the
compacted soil infill used in MSE walls, whereas extensible reinforcement deforms more
than compacted soil infill

The metallic or inextensible reinforcement is mild steel, and usually galvanized or epoxy
coated. Three types of steel reinforcement are typically used:

Steel Strips: The steel strip type reinforcement is mostly used with segmental concrete
facings. Commercially available strips are ribbed top and bottom, 2 to 4 inch wide and 1/8 to
5/32 inch thick.

Steel grids: Welded wire steel grids using two to six W7.5 to W24 longitudinal wires spaced
either at 6 or 8 inches. The transverse wire may vary from W11 to W20 and are spaced from
9 to 24 inches apart.

Welded wire mesh: Welded wire meshes spaced at 2 by 2 inch of thinner steel wire can also
be used.

The galvanized steel reinforcement that is used for soil reinforcement is oversized in cross
sectional areas to account for the corrosion that occurs during the life of the structure and the
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resulting loss of section. The net section remaining after corrosion at the end of the design
service life is used to check design requirements

The non-metallic or extensible reinforcement includes the following:
Geogrids: The geogrids are mostly used with modular block walls.

Geotextile Reinforcement: High strength geotextile can be used principally with wrap-around
and temporary wall construction.

Corrosion of the wall anchors that connect the soil reinforcement to the wall face must also
be accounted for in the design.

14.6.2.3 Facing Elements

The types of facings element used in the different MSE walls mainly control aesthetics,
provide protection against backfill sloughing and erosion, and may provide a drainage path in
certain cases. A combination of different wall facings and reinforcement provide a choice of
selecting an MSE wall which can be used for several different functions.
Major facing types are:

¢ Segmental precast concrete panels

e Dry cast or wet cast modular blocks

o Full height pre-cast concrete panels

e Cast-in-place concrete facing

o Geotextile-reinforced wrapped face

o Geosynthetic /Geogrid facings

o Welded wire grids

Segmental Precast Concrete Panels

Segmental precast concrete panels include small panels (<30 sq ft) to larger (>30 sq ft) with
a minimum thickness of 5-% inches and are of a square, rectangular, cruciform, diamond, or
hexagonal geometry. The geometric pattern of the joints and the smooth uniform surface
finish of the factory provided precast panels give an aesthetically pleasing appearance.
Segmental precast concrete panels are proprietary wall components.

Wall panels are available in a plain concrete finish or numerous form liner finishes and
textures. An exposed aggregate finish is also available along with earth tone colors. Although
color can be obtained by adding additives to the concrete mix it is more desirable to obtain
color by applying concrete stain and/or paint at the job site. Aesthetics do affect wall costs.
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WisDOT requires that MSE walls utilize precast concrete panels when supporting traffic live
loads which are in close proximity to the wall. Panels are also allowed as components of an
abutment structure. Either steel strips or welded wire fabric is allowed for soil reinforcement
when precast concrete panels are used as facing of the MSE wall system. Smaller panels
shall be used for cases where radius of curvature of the wall is less than 50 feet. Contact
Structures Design Section for approval on case by case basis. In general, MSE wall
structures with panel type facings shall be limited to wall heights of 33 feet.

Concrete Modular Blocks Facings

Concrete modular block retaining walls are constructed from modular blocks typically
weighing from 40 to 100 pounds each, although blocks over 200 pounds are rarely used.
Nominal front to back width ranges between 8 to 24 inches. Modular blocks are available in
a large variety of facial textures and colors providing a variety of aesthetic appearances. The
shape of the blocks usually allows the walls to be built along a curve, either concave or
convex. The blocks or units are dry stacked meaning mortar or grout is not used to bond the
units together except for the top two layers. Figure 14.6-2 shows various types of blocks
available commercially. Figure 14.6-3 shows a typical modular block MSE wall system along
with other wall components.

Concrete modular blocks are proprietary wall component systems. Each proprietary system
has its own unique method of locking the units together to resist the horizontal shear forces
that develop. Fiberglass pins, stainless steel pins, glass filled nylon clips and mechanical
interlocking surfaces are some of the methods utilized. Any pins or hardware must be
manufactured from corrosion resistant materials.

During construction of these systems, the voids are filled with granular material such as
crushed stone or gravel. Most of the systems have a built in or automatic set-back (incline
angle of face to the vertical) which is different for each proprietary system. Blocks used on
WisDOT projects must be of one piece construction. A minimum weight per block or depth of
block (distance measured perpendicular to wall face) is not specified on WisDOT projects.
The minimum thickness allowed of the front face is 4 inches (measured perpendicular from
the front face to inside voids greater than 4 square inches). Also the minimum allowed
thickness of any other portions of the block (interior walls or exterior tabs, etc.) is 2 inches.

It is WisDOT policy to design modular block MSE walls for a maximum height of 22 ft
(measured from the top of the leveling pad to the top of the wall). Most modular block MSE
walls systems use geogrids as reinforcement.
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Figure 14.6-2

Modular Blocks
(Source FHWA-NHI-10-025)
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Figure 14.6-3
Typical Modular Block MSE Walls
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MSE Wire-Faced Facing

Welded wire fabric facing is used to build MSE wire-faced walls. These are essentially MSE
walls with a welded wire fabric facing instead of a precast concrete facing. The wire size,
spacing and patterns used in the facing are developed from performance data of full size wall
tests and from applications in actual walls. A test to determine the connection strength
between the soil reinforcement and the facing panels is required. Some systems do not use
a connection because the ground reinforcement and facing panel are of one piece
construction.

MSE wire-faced wall systems usually incorporate a backing mat behind the front facing. A
fine metallic screen or filter fabric is placed behind the backing mat (or behind the facing if a
backing mat is not used) to prevent the backfill from passing thru the front face.

MSE wire-faced walls can tolerate considerable differential settlement because of the
flexibility of the wire facing. The limiting differential settlement is 1/50. The flexibility of the
wire facing results in face bulging between ground reinforcement. The actual amount varies
per system but normally is less than one inch. Recommended limits on bulging are 2" for
permanent walls and 3" for temporary walls.

When MSE wire-faced walls are used for permanent wall applications, all steel components
must be galvanized. When used for temporary wall applications black steel (non-galvanized)
may be used since the walls are usually left in place and buried.

Temporary MSE wire-faced walls can be used as temporary shoring if site conditions permit.
This wall type can also be used when staged construction is required to maintain traffic when
an existing roadway is being raised and/or widened in conjunction with bridge approaches,
railroad crossings or road reconstruction.

Cast-In- Place Concrete Facing

MSE walls with cast in place concrete facings are identical to MSE wire faced walls except a
cast-in-place concrete facing is added after the wire face wall is erected. Modifications are
made to the standard wire face wall detail to anchor the concrete facing to the wire facing
and soil reinforcement. They are usually used when a special aesthetic facial treatment is
required without the numerous joints that are common to precast panels. They can also be
used where differential settlement is above tolerable limits for other wall types. A MSE wire
faced wall can be constructed and allowed to settle with the concrete facing added after
consolidation of the foundation soils has occurred.

The cast-in-place concrete facing shall be a minimum of 8-inches thick and contain coated or
galvanized reinforcing steel. This is required because the panels and/or anchor that extend
into the cast-in-place concrete are galvanized and a corrosion cell would be created if black
steel contacts galvanized steel. All wire ties and bar chairs used in the cast-in-place
concrete must also be coated or galvanized. Note that the 8-inch minimum wall thickness will
occur at the points of maximum panel bulging and that the wall will be thicker at other
locations. Also note that the 8-inch minimum is measured from the trough of any form liner or
rustication.
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Vertical construction joints are required in the cast-in-place concrete facing to allow for
expansion and contraction and to allow for some differential settlement. Closer spacing of
vertical construction joints is required when differential settlement may occur, but by delaying
the placement of the cast-in-place concrete, the effects of differential settlement is
minimized. Higher walls also require closer spacing of vertical construction joints if differential
settlement is anticipated. Horizontal construction joints may disrupt the flow of a special
aesthetic facial treatment and are sometimes not allowed for that reason. The designer
should specify if optional horizontal construction joints are allowed. Cork filler is placed at
vertical construction joints because cork is compressible and will allow some expansion and
rotation to occur at the joint. An expandable polyvinyl chloride waterstop (PCW) is used on
the back side of a vertical construction joint. Since forms are only used at the front face of the
wall the PCW can be attached to a 10-inch board which is supported by the wire facing. The
8-inch minimum wall thickness may be decreased at the location of the vertical construction
joint to accommodate the PCW and its support board.

Geosynthetic Facing

Geosynthetic reinforcements are looped around at the facing to form the exposed face of the
MSE Wall. These faces are susceptible to ultraviolet light degradation, vandalism, and
damage due to fire. Geogrid used for soil reinforcement can be looped around to form the
face of the completed retaining structure in a similar manner to welded wire mesh and fabric
facing. This facing is generally used in temporary applications. Similar to wire faced walls,
these walls typically have a geotextile behind the geogrids, to prevent material from passing
through the face.

14.6.3 Design Procedure
14.6.3.1 General Design Requirements

The procedure for design of an MSE wall requires evaluation of external stability and internal
stability (structural design) at Strength Limit States and overall stability and vertical/lateral
movement at Service Limit State. The Extreme Event Il load combination is used to design
and analyze for vehicle impact where traffic barriers are provided to protect MSE walls. The
design and stability is performed in accordance with AASHTO LRFD and design guidance
discussed in 14.4.

14.6.3.2 Design Responsibilities

MSE walls are proprietary wall systems and the structural design of the wall system is
provided by the contractor. The structural design of the MSE wall system must include an
analysis of internal stability (soil reinforcement pullout and stress) and local stability (facing
connection forces and internal panel stresses). Additionally, the contractor should also
provide internal drainage. Design drawings and calculations must be submitted to the
Structures Design Section for acceptance.

External stability, overall stability and settlement calculations are the responsibility of the
WISDOT/Consultant designer. Compound external stability is the responsibility of the
Contractor. Soil borings and soil design parameters are provided by Geotechnical Engineer.

January 2011 14-78



00N,

‘@é WisDOT Bridge Manual Chapter 14 — Retaining Walls

OF TR

Although abutment loads can be supported on spread footings within the reinforced soil
zone, it is WisDOT policy to support the abutment loads for multiple span structures on piles
or shafts that pass through the reinforced soil zone to the in-situ soil below. Piles shall be
driven prior to the placement of the reinforced earth. Strip type reinforcement can be skewed
around the piles but must be connected to the wall panels and must extend to the rear of the
reinforced soil zone.

For continuous welded wire fabric reinforcement, the contractor should provide details on the
plans showing how to place the reinforcement around piles or any other obstacle. Abutments
for single span structures may be supported by spread footings placed within the soil
reinforcing zone, with WISDOT’s approval. Loads from such footings must be considered for
both internal wall design and external stability considerations.

14.6.3.3 Design Steps

Design steps specific to MSE walls are described in FHWA publication No. FHWA-NHI-10-24
and modified shown below:

1. Establish project requirements including all geometry, loading conditions (transient
and/or permanent), performance criteria, and construction constraints.

2. Evaluate existing topography, site subsurface conditions, in-situ soil/rock properties,
and wall backfill parameters.

3. Select MSE wall using project requirement per step 1 and wall selection criteria
discussed in 14.3.1.

4. Based on initial wall geometry, estimate wall embedment depth and length of
reinforcement.

5. Estimate unfactored loads including earth pressure for traffic surcharge or sloping
back slope and /or front slope.

6. Summarize load factors, load combinations, and resistance factors

7. Calculate factored loads for all appropriate limit states and evaluate (external
stability) at Strength | Limit State

a. sliding
b. eccentricity
c. bearing

8. Compute settlement at Service limit states
9. Compute overall stability at Service limit states
10. Compute vertical and lateral movement
11. Design wall surface drainage systems
12. Compute internal stability
Select reinforcement
Estimate critical failure surface
Define unfactored loads
Calculate factored horizontal stress and maximum tension at each
reinforcement level
e. Calculate factored tensile stress in each reinforcement
f. Check factored reinforcement pullout resistance
g. Check connection resistance requirements at facing
13. Design facing element
14. Design subsurface drainage

apow
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Steps 1-11 are completed by the designer and steps 12-14 are completed by the contractor
after letting.

14.6.3.4 Initial Geometry

Figure 14.6-1 provides MSE wall elements and dimensions that should be established before
making stability computations for the design of an MSE wall. The height (H) of an MSE wall
is measured vertically from the top of the MSE wall to the top of the leveling pad. The length
of reinforcement (L) is measured from the back of MSE wall panels. Alternately, the length of
reinforcement (L1) is measured from the front face for modular block type MSE walls.

The MSE walls, with panel type facings, generally do not exceed heights of 35 feet, and with
modular block type facings, should not exceed heights of 22 feet. Wall heights in excess of
these limits will require approval on a case by case basis from the WisDOT.

In general, a minimum reinforcement length of 0.7H or 8 feet whichever is greater shall be
provided. MSE wall structures with sloping surcharge fills or other concentrated loads will
generally require longer reinforcement lengths of 0.8H to 1.1H. As an exception, a minimum
reinforcement length of 6.0 feet or 0.7H may be provided in accordance with LRFD
[C11.10.6.2.1] provided all conditions for external and internal stability are met and smaller
compaction equipment is used on a case by case basis as approved by WisDOT. MSE walls
may be built to heights mentioned above; however, the external stability requirements may
limit MSE wall height due to bearing capacity, settlement, or stability problems.

14.6.3.4.1 Wall Embedment

The minimum wall embedment depth to the bottom of the MSE wall reinforced backfill zone
(top of the leveling pad shown in LRFD [Figure 11.10.2-1] and Figure 14.6-1 shall be
based on external stability analysis (sliding, bearing resistance, overturning, and settlement)
and the global (overall) stability requirements.

Minimum MSE wall leveling pad (and front face) embedment depths below lowest adjacent
grade in front of the wall shall be in accordance with LRFD [11.10.2.2], including the
minimum embedment depths indicated in LRFD [Table C11.10.2.2-1] or 1.5 ft. whichever is
greater. The embedment depth of MSE walls along streams and rivers shall be at least 2.0 ft
below the potential scour elevation in accordance with LRFD [11.10.2.2] and the Bridge
Manual.

WisDOT policy item:

The minimum depth of embedment of MSE walls shall be 1.5 feet

14.6.3.4.2 Wall Backslopes and Foreslopes

The wall Backslopes and Foreslopes shall be designed in accordance with 14.4.54.4. A
minimum horizontal bench width of 4 ft (measured from bottom of wall horizontally to the
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slope face) shall be provided, whenever possible, in front of walls founded on slopes. This
minimum bench width is required to protect against local instability near the toe of the wall.

14.6.3.5 External Stability

The external stability of the MSE walls shall be evaluated for sliding, limiting eccentricity, and
bearing resistance at the Strength I limit state. The settlement shall be calculated at Service |
limit state.

Unfactored loads and factored load shall be developed in accordance with 14.6.3.5.1. It is
assumed that the reinforced mass zone acts as a rigid body and that wall facing, the
reinforced soil and reinforcement act as a rigid body.

For adequate stability, the goal is to have the factored resistance greater than the factored
loads. According to publication FHWA-NHI-10-024, a capacity to demand ratio (CDR) can
be used to quantify the factored resistance and factored load. CDR has been used to
express the safety of the wall against sliding, limiting eccentricity, and bearing resistance.

14.6.3.5.1 Unfactored and Factored Loads

Unfactored loads and moments are computed based on initial wall geometry and using
procedures defined in 14.4.5.4.5. The loading diagrams for one of the 3 possible earth
pressure conditions are developed. These include 1) horizontal backslope with traffic
surcharge shown in Figure 14.4-2; 2) sloping backslope shown in Figure 14.4-3; and, 3)
broken backslope condition as shown in Figure 14.4-4.

The computed nominal loads discussed in 14.5.4 are multiplied by applicable load factors
given in Table 14.4-1. A summary of load factors and load combinations as applicable for

typical MSE wall stability check is presented in Table 14.6-4. Computed factored load and
moments are used for performing stability checks.

14.6.3.5.2 Sliding Stability
The stability should be computed in accordance with LRFD [11.10.5.3] and LRFD [10.6.3.4].
The sliding stability analysis shall also determine the minimum resistance along the following
potential surfaces in the zones shown in LRFD [Figure 11.10.2.1].
¢ Sliding within the reinforced backfill (performed by contractor)
¢ Sliding along the reinforced back-fill/lbase soil interface (performed by designer)

The coefficient of friction angle shall be determined as:

e For discontinuous reinforcements, such as strips — the lesser of friction angle of either
reinforced backfill, ¢, the foundation soil, ¢ry.

e For continuous reinforcements, such as grids and sheets — the lesser of ¢, or ¢r and
P.
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No passive soil pressure is allowed to resist sliding. The component of the passive
resistance shall be ignored due to the possibility that permanent or temporary excavations in
front of the wall could occur during the service life of the structure and lead to partial or
complete loss of passive resistance. The shear strength of the facing system is also ignored.

For adequate stability, the factored resistance should be greater than the factored load for
sliding,

The following equation shall be used for computing sliding:

R. = ¢ R, = ¢:*(V)*(tand)

Where:
Rr = Factored resistance against failure by sliding
Rn = Nominal sliding resistance against failure by sliding
R. = Nominal sliding resistance between soil and foundation
d. = Resistance factor for shear between the soil and foundation per LRFD
[Table 11.5.6.1]; 1.0
Vv = Factored vertical dead load
) = Friction angle between foundation and soil
p = Maximum soil reinforcement interface angle LRFD [11.11.5.3]
tand = tan ¢y Wwhere ¢ is lesser of (¢., o1, p)
Hiot = Factored total horizontal load for Strength la
CDR = Ro/Hot 2 1

14.6.3.5.3 Eccentricity Check

The eccentricity check is performed in accordance with LRFD [11.10.5.5] and using
procedure given in publication, FHWA-NHI-10-025

The eccentricity is computed using:

e=B/2-X,
Where:
Xo :ZMV _MH
>V
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Where:
My = Summation of Resisting moment due to vertical earth pressure
My = Summation of Moments due to Horizontal Loads
2V = Summation of Vertical Loads

For eccentricity to be considered acceptable, the calculated location of the resultant vertical
force (based on factored loads) should be within the middle one-half of the base width for soil
foundations (i.e., emax = B/4) and middle three-fourths of the base width for rock foundations
(i.e., emax = 3B/8). Therefore, for each load group, e must be less than en.y. If € is greater
than enax, a longer length of reinforcement is required. The CDR for eccentricity should be
greater than 1.

CDR = enade > 1

14.6.3.5.4 Bearing Resistance

The bearing resistance check shall be performed in accordance with LRFD [11.10.5.4].
Provisions of LRFD [10.6.3.1] and LRFD [10.6.3.1] shall apply. Because of the flexibility of
MSE walls, an equivalent uniform base pressure shall be assumed. Effect of live load
surcharge shall be added, where applicable, because it increases the load on the foundation.
Vertical stress, o,, shall be computed using following equation.

The bearing resistance computation requires:

2V
Base Pressure (0,)= B 7
Oy = Vertical pressure
2V = Sum of all vertical forces
B = Reinforcement length
e = Eccentricity = B/2 — X,
Xo = (ZMg — £ My)/zV
My = Total resisting moments

Z My

Total driving moments

The nominal bearing resistance, qg,, shall be computed using methods for spread footings.
The appropriate value for the resistance factor shall be selected from LRFD Table
[10.5.5.2.2.1].

The computed vertical stress, o,, shall be compared with factored bearing
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resistance, g, in accordance with the LRFD [11.5.6-1] and a Capacity Demand Ratio, CDR,
shall be calculated using the following equation:

ar = ¢p G = Oy
Where:
ar = Factored bearing resistance
On = Nominal bearing resistance computed using LRFD [10.6.3.1.2a-1]
o = 0.65 using LRFD Table [11.5.6.1]
CDR = q/oy >1.0

14.6.3.6 Vertical and Lateral Movement

Excessive MSE wall foundation settlement can result in damage to the wall facing, coping,
traffic barrier, bridge superstructure, bridge end panel, pavement, and/or other settlement-
sensitive elements supported on or near the wall.

Techniques to reduce damage from post-construction settlements and deformations may
include full-height vertical sliding joints through the rigid wall facing elements and
appurtenances, and/or ground improvement or reinforcement techniques. Staged
preload/surcharge construction using onsite materials or imported fills may also be used.

Settlement shall be computed using the procedures outlined in 14.4.7.2 and the allowable
limit settlement guidelines in 14.4.7.2.1 and in accordance with LRFD [11.10.4] and LRFD
[10.6.2.4]. Differential settlement from the front face to the back of the wall shall be
evaluated, as appropriate.

For MSE walls with rigid facing concrete panels, slip joints of 0.75 inch width can be provided
to control differential settlement as per LRFD [Table C11.104.4-1].

14.6.3.7 Overall Stability

Overall Stability shall be performed in accordance with LRFD [11.10.4.3]. Provision of LRFD
[11.6.2.3] shall also apply. Overall and compound stability of complex MSE wall system shall
also be investigated, especially where the wall is located on sloping or soft ground where
overall stability may be inadequate. Compound external stability is the responsibility of the
contractor/wall supplier. The long term strength of each backfill reinforcement layer
intersected by the failure surface should be considered as restoring forces in the limit
equilibrium slope stability analysis. Figure 14.6-4 shows failure surfaces generated during
overall or compound stability evaluation.
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Figure 11.10.4.3-1 Overall and Compound Stability of
Complex MISE Wall Systems.

Figure 14.6-4
MSE Walls Overall and Compound Stability
(Source AASHTO LRFD)

14.6.3.8 Internal Stability

Internal stability of MSE walls shall be performed by the wall contractor/supplier. The internal
stability (safety against structural failure) shall be performed in accordance with LRFD
[11.10.6] and shall be evaluated with respect to following at the Strength Limit:

o Tensile resistance of reinforcement to prevent breakage of reinforcement
¢ Pullout resistance of reinforcement to prevent failure by pullout

e Structural resistance of face elements and face elements connections

14.6.3.8.1 Loading

Figure 14.4-11 shows internal failure mechanism of MSE walls due to tensile and pullout
failure of the soil reinforcement. The maximum factored tension load (Tmax) due to tensile and
pullout reinforcement shall be computed at each reinforcement level using the Simplified
Method approach in accordance with LRFD [11.10.6.2]. Factored load applied to the
reinforcement-facing connection (T,) shall be equal to maximum factored tension
reinforcement load (Tmax) in accordance with LRFD [11.10.6.2.2].
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14.6.3.8.2 Reinforcement Selection Criteria

At each reinforcement level, the reinforcement must be sized and spaced to preclude rupture
under the stress it is required to carry and to prevent pullout for the soil mass. The process of
sizing and designing the reinforcement consists of determining the maximum developed
tension loads, their location, along a locus of maximum stress and the resistance provided by
reinforcement in pullout capacity and tensile strength.

Soil reinforcements are either extensible or inextensible as discussed in 14.6.2.2.

When inextensible reinforcements are used, the soil deforms more than the reinforcement.
The critical failure surface for this reinforcement type is determined by dividing the zone into
active and resistant zones with a bilinear failure surface as shown in part (a) of Figure 14.6-5.

When extensible reinforcements are used, the reinforcement deforms more than soil and it is
assumed that shear strength is fully mobilized and active earth pressure developed. The
critical failure surface for both horizontal and sloping backfill conditions are represented as
shown in lower part (b) of Figure 14.6-5.

January 2011 14-86



B0,

§£8('g WisDOT Bridge Manual Chapter 14 — Retaining Walls

OF TR

0.3H ,*
Zone of maximum stress I I
or potential Failure surface . E - tan3 x 03H
R T T T = =H+ ===

- 1
_ 1—03tanB3
. — ‘.“i’.{_ i
- | * If wall face is battered,
=1 L, L, | am offset of 0.3H, is still
2 | required, and the upper
H ) " parl:t_on of the zone of
! X H —%"—?&F—-—Emm—z‘) : maximum siress should
i T e ne be parallel o the wall face
s |
J,.-" 1
H, 7 1
2 _‘,.-"" ¢ Seil Reinforcement
V4 ;
¥ - ¥ - 7
l L |
L] |
(a)
Zone of maximum stress
or potential failure surface
W
_ B
F — —
/ 1 For wertical face
L, i L, f 45 s
= -+ =
/ i hd 2
H A ctiw Resistant |
Zone Zone [
/ !
j 1
Vi o Soil Reinforcem ent
i H
ri !
. - _— e — —
| -
l L |

¥ =
For walls with a face batter angle () 10° or more from the wvertical,

—an($ — ) + ftan($ — Pian(d — B) + cot(p + B — S0)][1 + tan(d + 90 — Bicot + & — S0
1+ tan(d + 90 — e)[tan(p — B) + cot(dp + B — 90)]

an(y — 8) =
Wiﬂ:ﬁ-ﬁ
8 = wall batter angle b
For wall with a broken backslope, use & =B, as shown in Figure 6-20.

Figure 14.6-5
Location of Potential Failure Surface for Internal Stability of MSE Walls
(Source AASHTO LRFD)

14.6.3.8.3 Factored Horizontal Stress

The Simplified Method is used to compute maximum horizontal stress and is computed using
the equation

oy =7p(o.k, +Acy)
Where:

TP = Maximum load factor for vertical stress (EV)
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K: = Lateral earth pressure coefficient computed using ki/k,
Oy = Pressure due to reinforce soil mass and any surcharge loads above it
AGH = Horizontal stress at reinforcement level resulting in a concentrated

horizontal surcharge load

Research studies have indicated that the maximum tensile force is primarily related to the
type of reinforcement in the MSE mass, which, in turn, is a function of the modulus
extensibility, and density of reinforcement. Based on this research, a relationship between
the type of reinforcement and the overburden stress has been developed and is shown in
Figure 14.6-6.

Default Values for Pullout Friction Factor F4
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* Does not apply to polymer strip reinforcement

Figure 14.6-6
Variation of the Coefficient of Lateral Stress Ratio with Depth
(Source AASHTO LRFD)

Lateral stress ratio k/k, can be used to compute k; at each reinforcement level. For vertical
face batter <10°, K, is obtained using Rankine theory. For wall face with batter greater than
10° degrees, Coulomb’s formula is used. If present, surcharge load should be added into the
estimation of oy, . For the simplified method, vertical stress for the maximum reinforcement
load calculations are shown in Figure 14.6-7 .
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Figure 14.6-7
Calculation of Vertical Stress for Horizontal and Sloping Backslope for Internal Stability
(Source AASHTO LRFD)
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14.6.3.8.4 Maximum Factored Tension Force
The maximum tension load also referred as maximum factored tension force is applied to the
reinforcements layer per unit width of wall (T.x) will be based on the reinforcement vertical

spacing (Sy) as under:

Tmax = O Sv

Where:
Tmax = Maximum tension load
OH = Factored horizontal load defined in 14.6.3.8.3

Tmaxuwr May also be computed at each level for discrete reinforcements (metal strips, bar
mats, grids, etc) per a defined unit width of reinforcement

Tmax-UWR = (GH Sv)/RC

Re

Reinforcement coverage ratio LRFD [11.10.6.4.1]

14.6.3.8.5 Reinforcement Pullout Resistance

MSE wall reinforcement pullout capacity is calculated in accordance with LRFD [11.10.6.3].
The potential failure surface for inextensible and extensible wall system and the active and
resistant zones are shown in Figure 14.6-5. The pullout resistance length, L., shall be
determined using the following equation

_ Tmax
e F"a-o,C-R)
Where:
Le = Length of reinforcement in the resistance zone
Tmax = Maximum tension load
) = Resistance factor for reinforcement pullout
F* = Pullout friction factor, Figure 14.6-8
o = Scale correction factor
Gy = Unfactored effective vertical stress at the reinforcement level in the
resistance zone
C = 2 for strip, grid, and sheet type reinforcement
Rc = Reinforcement coverage ratio LRFD [11.10.6.4.3.2.1]
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The correction factor, o, depends primarily upon the strain softening of compacted granular
material , and the extensibility, and the length of the reinforcement. Typical value is given in
Table 14.6-2.

Reinforcement Type a

All steel reinforcement 1.0

Geogrids 0.8

Geotextiles 0.6
Table 14.6-2

Typical values of a
(Source LRFD [Table 11.10.6.3.2.1])

The pullout friction factor, F*, can be obtained accurately from laboratory pullout tests
performed with specific material to be used on the project. Alternating, lower bound default
values can be used from the laboratory or field pull out test performed in the specific back fill
to be used on the project.

As shown in Figure 14.6-5, the total length of reinforcement (L) required for the internal
stability is computed as below

L=Le+L,

Where:
Le = Length of reinforcement in the resistance zone
L, = Remainder length of reinforcement
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Figure 14.6-8
Typical Values of F*
(Source: LRFD Figure [11.10.6.3.1])

14.6.3.8.6 Reinforced Design Strength
The maximum factored tensile stress (Tuax) in each reinforcement layer as determined in
14.6.3.8.4 is compared to the long term reinforcement design strength computed in
accordance with LRFD [11.10.6.4.1] as:
Tuax = ¢ TaRc
Where

Resistance factor for tensile resistance

Rc Reinforcement coverage ratio
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Ta Nominal tensile resistance (reinforcement design strength) at each

reinforcement level

The value for Tyax is calculated with a load factor of 1.35 for vertical earth pressure, EV. The
tensile resistance factor for metallic and geosynthetic reinforcement is based on the
following:

Metallic Strip Reinforcement
Reinforcement
e Static Loading 0.75

Grid Reinforcement

e Static Loading 0.65
Ii?r?fixgteﬁzﬁt e Static Loading 0.90
Table 14.6-3

Resistance Factor for Tensile and Pullout Resistance
(Source LRFD Table [11.5.6.1])

14.6.3.8.7 Calculate T, for Inextensible Reinforcements
Ta for inextensible reinforcements is computed as below:

Ta = (Ac Fy)/b

Where:
Fy = Minimum yield strength of steel
b = Unit width of sheet grid, bar, or mat
Ac = Design cross sectional area corrected for corrosion loss

14.6.3.8.8 Calculate T, for Extensible Reinforcements
The available long-term strength, T, for extensible reinforcements is computed as:

T Tult
" RF  RF *RFg *RF,

Where:
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Tut = Minimum average roll value ultimate tensile strength

RF = Combined strength reduction factor to account for potential long term

degradation due to installation, damage, creep, and chemical aging
RFp = Strength Reduction Factor related to installation damage

RFcr

Strength Reduction Factor caused by creep due to long term tensile load
RFp = Strength Reduction Factor due to chemical and biological degradation

RF shall be determined from product specific results as specified in LRFD [11.10.6.4.3b].

14.6.3.8.9 Design Life of Reinforcements

Long term durability of the steel and geosynthetic reinforcement shall be considered in MSE
wall design to ensure suitable performance throughout the design life of the structure.

The steel reinforcement shall be designed to achieve a minimum designed life in accordance
with LRFD [11.5.1] and shall follow the provision of LRFD [7.6.4.2]. The provision for
corrosion loss shall be considered in accordance with the guidance presented in LRFD
[11.10.6.4.23a].

The durability of polymeric reinforcement is influenced by time, temperature, mechanical

damage, stress levels, and changes in molecular structure. The strength reduction for
geosynthetic reinforcement shall be considered in accordance with LRFD [11.10.6.4.2b].

14.6.3.8.10 Reinforcement /Facing Connection Design Strength
Connections shall be designed to resist stresses resulting from active forces as well as from
differential movement between the reinforced backfill and the wall facing elements in
accordance with LRFD [11.10.6.4.4].

Steel Reinforcement

Capacity of the connection shall be tested per LRFD [5.11.3]. Elements of the connection
which are embedded in facing elements shall be designed with adequate bond length and
bearing area in the concrete, to resist the connection forces. The steel reinforcement
connection strength requirement shall be designed in accordance with LRFD [11.10.6.4.4a].

Connections between steel reinforcement and the wall facing units (e.g. bolts and pins) shall
be designed in accordance with LRFD [6.1.3]. Connection material shall also be designed to
accommodate loss due to corrosion.

Geosynthetic Reinforcement

The portion of the connection embedded in the concrete facing shall be designed in
accordance with LRFD [5.11.3]. The nominal geosynthetic connection strength requirement
shall be designed in accordance with LRFD [11.10.6.4.4b].
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14.6.3.8.11 Design of Facing Elements

Precast Concrete Panel facing elements are designed to resist the horizontal forces
developed internally within the wall. Reinforcement is provided to resist the average loading
conditions at each depth in accordance with structural design requirements in AASHTO
LRFD. The embedment of the reinforcement to panel connector must be developed by test,
to ensure that it can resist the maximum tension. The concrete panel must meet
temperature and shrinkage steel requirements. Epoxy protection of panel reinforcement is
required.

Modular Block Facing elements must be designed to have sufficient inter-unit shear capacity.
The maximum spacing between unit reinforcement should be limited to twice the front block
width or 2.7 feet, whichever is less. The maximum depth of facing below the bottom
reinforcement layer should be limited to the block width of modular facing unit. The top row of
reinforcement should be limited to 1.5 times the block width. The factored inter-unit shear
capacity as obtained by testing at the appropriate normal load should exceed the factored
horizontal earth pressure.

14.6.3.8.12 Corrosion

Corrosion protection is required for all permanent and temporary walls in aggressive
environments as defined in LRFD [11.10.2.3.3]. Aggressive environments in Wisconsin are
typically associated with snow removal and areas near storm water pipes in urban areas.
MSE walls with steel reinforcement should be protected with a properly designed impervious
membrane layer below the pavement and above the first level of the backfill reinforcement.
The details of the impervious layer drainage collector pipe can be found in FHWA-NHI-0043
(FHWA 2001).

14.6.3.9 Wall Internal Drainage

The wall internal drainage should be designed using the guidelines provided in 14.4.7.6. Pipe
underdrain must be provided to properly drain MSE walls. Chimney or blanket drains with
collector-pipe drains are installed as part of the MSE walls sub-drainage system. Collector
pipes with solid pipes are required to carry the discharge away from the wall. All collector
pipes and solid pipes should be 6-inch diameter.

14.6.3.10 Traffic Barrier

Design concrete traffic barriers on MSE walls to distribute applied traffic loads in accordance
with LRFD [11.10.10.2] and WisDOT standard details. Traffic impact loads shall not be
transmitted to the MSE wall facing. Additionally, MSE walls shall be isolated from the traffic
barrier load. Traffic barrier shall be self-supporting and not rely on the wall facing.

14.6.3.11 Design Example

Example E-2 shows a segmental precast panel MSE wall with steel reinforcement. Example
E-3 shows a segmental precast panel MSE wall with geogrid reinforcement. Both design
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examples include external and internal stability of the walls. The design examples are
included in 14.18.

14.6.3.12 Summary of Design Requirements
1. Strength Limit Checks
a. External Stability

¢ Sliding

CDR:[RTJ>1.O

tot

e Eccentricity Check

CDR = (em—} ~1.0
e

e Bearing Resistance

CDR = (q—j >1.0

O,

b. Internal stability
¢ Tensile Resistance of Reinforcement
¢ Pullout Resistance of Reinforcement
e Structural resistance of face elements and face elements connections
c. Service Limit Checks
e Overall Stability
e Wall Settlement and Lateral Deformation
2. Concrete Panel Facings
o f's=4000 psi (wet cast concrete)
e Min. thickness = 5.5 inches

e Min. reinforcement = 1/8 square inch per foot in each direction (uncoated)
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e Min. concrete cover = 1.5 inches
e fy = 60,000 psi
3. Traffic/ Surcharge
e Traffic live load surcharge = 240 Ib/ft> or
o Non traffic live load surcharge =100 Ib/ft?
4. Reinforced Earthfill
e Unit weight = 120 Ib/ft®

e Angle of internal friction = 30°, or as determined from Geotechnical analyses
(maximum allowed is 36°)

5. Retained Soll
e Unit weight = 120 Ib/ft®
e Angle of internal friction = 30°, or as determined from Geotechnical analyses
6. Design Life
e 75 year minimum for permanent walls
7. Soil Pressure Theory
e Coulomb's Theory
8. Soil Reinforcement
For steel or geogrid systems, the minimum soil reinforcement length shall be 70
percent of the wall height and not less than 8 feet. The length of soll

reinforcement shall be equal from top to bottom. Soil reinforcement must extend a
minimum of 3 feet beyond the failure plane.
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9. Summary of Load Combinations and Load Factors

Group Ypc Yev | Yisv | Yush | YEw | ver Probable use
Strengthla | 0.90 | 1.00| 0.0 | 1.75| 1.50 Sliding, eccentricity
Strength b | 1.25 | 1.35| 1.75 | 1.75 | 1.50 Bearing, Wall strength
Extreme lla | 0.90 | 1.00 - - 1.00 | 1.00 | Sliding, eccentricity
Extreme llb | 1.25 | 1.35 - - 1.00- | 1.00 | Bearing

Service | 1.00 {1.00 | 1.00 | 1.00 | 1.00 - Global, settlement, wall crack
control
Table 14.6-4

Load Factor Summary for MSE-External Stability
(Source LRFD [Table 3.4.1])

10. Resistance Factors for External Stability

Condition Resistance Factor
Stability mode
Sliding 1.00
Bearing 0.65
Geotechnical parameters are well 0.75

defined and slope does not support a
structural element
Overall stability

Geotechnical parameters are based 0.65
on limited information, or the slope
supports a structural element

Table 14.6-5
Resistance Factor Summary for MSE-External Stability
(Source LRFD [Table 11.5.6.1])
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14.7 Modular Block Gravity Walls

The proprietary modular blocks used in combination with soil reinforcement "Mechanically
Stabilized Earth Retaining Walls with Modular Block Facings" can also be used as pure
gravity walls (no soil reinforcement). These walls consist of a single row of dry stacked
blocks (without mortar) to resist external pressures. These walls can be formed to a tight
radius of curvature of 50 ft. or greater. A drawback is that these walls are settlement
sensitive. This wall type should only be considered when adequate provisions are taken to
keep the surface water runoff and the ground water seepage away from the wall face.

The material specifications for the blocks used for gravity walls are identical to those for the
blocks used for block MSE walls as discussed in 14.6.2.3. The modular block gravity walls
are proprietary. The wall supplier is responsible for the design of these walls. Design
drawings and calculations must be submitted to WisDOT for approval.

The height to which they can be constructed, is a function of the depth of the blocks, the
setback of the blocks, the front slope and backslope angle, the surcharge on the retained soil
and the angles of internal friction of the retained soil behind the wall. Walls of this type are
limited to a height from top of leveling pad to top of wall of 8 feet or less, and are limited to a
maximum differential settlement of 1/200.

Footings for modular block gravity walls are either base aggregate dense 1-% inch (Section
305 of the Standard Specifications) or Grade A concrete. Minimum footing thickness is 12
inches for aggregate and 6 inches for concrete. The width of the footing equals the width of
the bottom block plus 12 inches for aggregate footings and plus 6 inches for concrete
footings. The bottom modular block is central on the leveling pad. The standard special
provisions for Modular Block Gravity Walls require a concrete footing if any portion of a wall
is over 5 feet measured from the top of the footing to the bottom of the wall cap.

The coarse aggregate No. 1 (501.2.5.4 of the Standard Specifications), is placed within 1
foot behind the back face of the wall, extending down to the bottom of the footing.

14.7.1 Design Procedure for Modular Block Gravity Walls

All modular block gravity walls shall be designed to resist external pressure caused by the
supported earth, surcharge loads, and water in accordance with the design criteria discussed
in LRFD [11.11.4] and 14.4. The design requires an external stability evaluation including
sliding, eccentricity check, and bearing resistance check at the Strength | limit state and the
evaluation of wall settlement and overall stability at the Service | limit state.

The design of modular block gravity walls provided by the contractor must be in compliance
with the WisDOT special provisions for the project and the policy and procedures as stated in
14.15.2 and 14.16. The design must include an analysis of external stability including sliding,
eccentricity, and bearing stress check. Horizontal shear capacity between blocks must also
be verified by the contractor.

Settlement and overall stability calculations are the responsibility of the designer. The soil
design parameters and allowable bearing capacity for the design are provided by the
Geotechnical Engineer, including the minimum required block depth.
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14.7.1.1 Initial Sizing and Wall Embedment

The minimum embedment to the top of the footing for modular block gravity walls is the same
as stated in LRFD [11.10.2.2] for mechanically stabilized earth walls. Wall backfill slope shall
not be steeper than 2:1. Where practical, a minimum 4.0 ft wide horizontal bench shall be
provided in front of the walls.

Wall embedment for prefabricated modular walls shall meet the requirements discussed in
section14.4.7.5. The minimum embedment shall be 1.5 ft. or the requirement of scouring or
erosion due to flooding defined in 14.6.3.4.1.

14.7.1.2 External Stability

The external stability analyses shall develop the unfactored and factored loads and include
evaluations for sliding, eccentricity check, and bearing resistance in accordance with LRFD
[11.11.4]. LRFD [11.11.4.1] requires that wall stability be performed at every block level.

14.7.1.2.1 Unfactored and Factored Loads

Unfactored loads and moments shall be computed after establishing the initial wall geometry
and using procedures defined in 14.4.5.4.5. A load diagram as shown in Figure 14.4-5 shall
be developed. Factored loads and moments shall be computed as discussed in 14.4.6 by
multiplying applicable load factors given in Table 14.4-1. A summary of load factors and load
combinations as applicable for a typical modular block wall is presented in Table 14.7-1.
Computed factored load and moments are used for performing stability checks.

14.7.1.2.2 Sliding Stability

Sliding should be considered for the full height wall and at each block level in the wall. The
stability should be computed in accordance with LRFD [10.6.3.4], using the following
equation:

Rr=¢ Ry =¢:R:
Where:
Rr = Factored resistance against failure by sliding
Rn = Nominal sliding resistance against failure by sliding
O = Resistance factor for shear between soil and foundation per LRFD [Table
10.5.5.2.2.1]
O, = 0.9 for concrete on sand and 1.0 for soil on soil
R. = Nominal sliding resistance between soil and foundation

No passive soil pressure is allowed to resist sliding. The component of the passive
resistance shall be ignored due to the possibility that permanent or temporary excavations in
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front of the wall could occur during the service life of the structure and lead to partial or
complete loss of passive resistance.

Interface sliding resistance between concrete blocks shall be calculated using the corrected
wall weight based on the calculated hinge height in accordance with LRFD Figure
[11.10.6.4.4b-1]. Interface friction resistance parameters shall be based on NCMA method.
Shear between the blocks must be resisted by friction, keys or pins.

14.7.1.2.3 Bearing Resistance

The bearing resistance of the walls shall be computed in accordance with LRFD [10.6.3.1].

V
Base Pressure, o, =h
(B-2e)
The computed vertical stress shall be compared with factored bearing resistance in
accordance with the LRFD [10.6.3.1], using following equation:

gr= ¢pQn 2 Oy
Where:
On = Nominal bearing resistance computed using LRFD [10.6.3.1.2-a]
>V = Summation of Vertical loads
B = Base width
e = Eccentricity
oo = 0.55 LRFD Table [11.5.6-1]

14.7.1.2.4 Eccentricity Check

The eccentricity check shall be performed in accordance with LRFD [11.11.4.4]. The
location of the resultant force should be within the middle half of the base width (e< B/4) for
footings on soil, and within (3B/8) for footings on rock.

14.7.1.3 Settlement

The vertical and lateral displacements of prefabricated modular retaining walls must be
evaluated for all applicable dead and live load combinations at Service | limit states using
procedures described in14.4.7.2 and compared with tolerable movement criteria presented in
14.4.7.2.1. In general, lateral movements of walls on shallow foundations can be estimated
assuming the wall rotates or translates as a rigid body due to the effects of earth loads and
differential settlements along the base of the wall.
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14.7.1.4 Overall Stability
The overall (global) stability shall be evaluated in accordance with LRFD [11.6.2.3] and in
accordance with 14.4.7.3, with the exception that the entire mass of the modular walls (or

the “foundation load”), may be assumed to contribute to the overall stability of the slope. The
overall stability check shall be performed by the Geotechnical Unit or Consultant of record.

14.7.1.5 Summary of Design Requirements
1. Stability Evaluations
o External Stability
0 Eccentricity Check
0 Bearing Check
o Sliding
e Settlement
e Overall/Global
2. Block Data
¢ One piece block

Minimum thickness of front face = 4 inches

Minimum thickness of internal cavity walls other than front face = 2 inches

28 day concrete strength = 5000 psi

¢ Maximum water absorption rate by weight = 5%
3. Traffic Surcharge

e Traffic live load surcharge = 240 Ib/ft?

e If no traffic live load is present, use 100 Ib/ft® live load for construction
equipment

4. Retained Soil
e Unit weight y;= 120 Ib/ft>

o Angle of internal friction as determined by Geotechnical Engineer
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5. Soil Pressure Theory
o Use Coulomb Theory
6. Maximum Height = 8 ft.
(This height is measured from top of leveling pad to bottom of cap. It is not the

exposed height). In addition this maximum height may be reduced if there is sloping
backfill or a sloping surface in front of the wall.)

7. Load Factors

Group YoC Yev | Yisv | Yish | YEH | Yor Probable use
Strengthla | 0.90 | 1.00| 0.0 | 1.75|1.50 Sliding, eccentricity
Strength Ib | 1.25 | 1.35| 1.75 | 1.75 | 1.50 Bearing /wall strength

Service | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 Global/settlement/wall crack
control
Table 14.7-1

Load Factor Summary for Prefabricated Modular Walls

8. Sliding Resistance Factors
¢. = 1.0 LRFD [Tablel11.5.6-1]
9. Bearing Resistance Factors

¢p = 0.55 LRFD [Table11.5.6-1]
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14.8 Prefabricated Modular Walls

Prefabricated modular walls systems use interconnected structural elements, which use
selected in-fill soil or rock fill to resist external pressures by acting as gravity retaining walls.
Metal and precast concrete or metal bin walls, crib walls, and gabion walls are considered
under the category of prefabricated modular walls. These walls consist of modular elements
which are proprietary. The design of these wall systems is provided by the contractor/wall
supplier.

Prefabricated modular walls can be used where reinforced concrete walls are considered.
Steel modular systems should not be used where aggressive environmental condition
including the use of deicing salts or other similar chemicals are used that may corrode steel
members and shorten the life of modular wall systems.

14.8.1 Metal and Precast Bin Walls

Metal bin walls generally consist of sturdy, lightweight, modular steel members called as
stringers and spacers. The stringers constitute the front and back face of the bin and
spacers its sides. The wall is erected by bolting the steel members together. The flexibility of
the steel structure allows the wall to flex against minor ground movement. Metal bin walls are
subject to corrosion damage from exposure to water, seepage and deicing salts. To improve
the service life of metal bin walls, consideration should be given towards increasing the
galvanizing requirements and establishing electrochemical requirements for the confined
backfill.

Precast concrete bin walls are typically rectangular interlocking prefabricated concrete
modules. A common concrete module typically has a face height varying from 4 to 5 feet, a
face length up to 8 feet, and a width ranging from 4 to 20 feet. The wall can be assembled
vertically or provided with a batter. A variety of surface treatment can be provided to meet
aesthetic requirements. A parapet wall can be provided at the top of the wall and held rigidly
by a cast in place concrete slab. A reinforced cast-in-place or precast concrete footing is
usually placed at the toe and heel of the wall.

Bin walls are not recommended for applications that require a radius of curvature less than
800 ft. The wall face batter shall not be steeper than 10° or 6:1 (V:H). The base width of bin
walls is generally 60% of the wall height. Further description and method of construction can
be found in FHWA'’s publication Earth Retaining Structures 2008.

14.8.2 Crib Walls

Crib walls are built using prefabricated units which are stacked and interlocked and filled with
free draining material. Cribs consist of solid interlocking reinforced concrete members called
rails and tiebacks (sometimes called stretchers and headers). The rails run parallel with the
wall face at both the front and rear of the cribbing and the tiebacks run transverse to the rails
to tie the structure together. Rails and cross sections of tiebacks form the front face of the
wall.

The wall face can either be opened or closed. In closed faced cribs, stretchers are placed in
contact with each other. In open face cribs, the stretchers are placed at an interval such that
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the infill material does not escape through the face. The wall face batter for crib walls shall be
no steeper than 4:1.

14.8.3 Gabion Walls

The gabion walls are composed of orthogonal wire cages or baskets tied together and filled
with rock fragments. These wire baskets are also known as gabion baskets. The basket size
can be varied to suit the terrain with a standard width of 3 feet to standard length varying 3 to
12 feet. The height of these baskets may vary from 1% feet to 3 feet. Individual wire baskets
are filled with rock fragments ranging in size from 4 to 10 inches. After the baskets are filled,
the lids are closed and wired shut to form a relatively rigid block. Succeeding rows of the
gabions are laced in the field to the underlying gabions and are filled in the same manner
until the wall reaches its design height. The rock filled baskets are closed with lids.

The durability of a gabion wall is dependent upon maintaining the integrity of the gabion
baskets. Galvanized steel wire is required for all gabion installations. Although gabions are
manufactured from a heavy gage wire, there is a potential for damage due to vandalism.
While no known case of such vandalism has occurred on any existing WisDOT gabion walls,
the potential for such action should be considered at specific sites.

A height of about 18 feet should be considered as a practical limit for gabion walls. Gabion
walls have shown good economy for low to moderate heights but lose this economy as
height increases. The front and rear face of the wall may be vertical or stepped. A batter is
provided for walls exceeding heights of 10 feet, to improve stability. The wall face step shall
not be steeper than 6” or 10:1(V:H). The minimum embedment for gabion walls is 1.5 feet.
The ratio of the base width to height will normally range from 0.5 to 0.75 depending on
backslope, surcharge and angle of internal friction of retained soil. Gabion walls should be
designed in cross section with a horizontal base and a setback of 4 to 6 inches at each
basket layer. This setback is an aid to construction and presents a more pleasing
appearance. The use of a tipped wall base should not be allowed except in special
circumstances.

14.8.4 Design Procedure

All prefabricated modular wall systems shall be designed to resist external pressure caused
by the supported earth, surcharge loads, and water in accordance with design criteria
discussed in LRFD [11.11.4] and 14.4 of this chapter. The design requires an external
stability evaluation by the WISDOT/Consultant designer, including sliding, eccentricity, and
bearing resistance check at the Strength | limit state and the evaluation of wall settlement
and overall stability at the Service | limit state.

In addition, the structures modules of the bin and crib walls shall be designed to provide
adequate resistance against structural failure as part of the internal stability evaluations in
accordance with the guidelines presented in LRFD [11.11.5].

No separate guidance is provided in the AASHTO LRFD for the gabion walls, therefore,
gabion walls shall be evaluated for the external stability at Strength | and the settlement and
overall stability checks at Service | using similar process as that of a prefabricated modular
walls.
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Since structure modules of the prefabricated modular walls are proprietary, the contractor/
supplier is responsible for the internal stability evaluation and the structural design of the
structural modules. The design by contractor shall also meet the requirements for any special
provisions. The external stability, overall stability check and the settlement evaluation will be
performed by Geotechnical Engineer.

14.8.4.1 Initial Sizing and Wall Embedment

Wall backfill shall not be steeper than 2:1(V:H). Where practical, a minimum 4.0 feet wide
horizontal bench shall be provided in front of the walls. A base width of 0.4 to 0.5 of the wall
height can be considered initially for walls with no surcharge. For walls with surcharge loads
or larger backslopes, an initial base width of 0.6 to 0.7 times can be considered.

Wall embedment for prefabricated modular walls shall meet the requirements discussed in
14.4.7.5. A minimum embedment shall be 1.5 ft or the requirement for scouring or erosion
due to flooding.

14.8.5 Stability checks

Stability computations for crib, bin, and gabion modular wall systems shall be made by
assuming that the wall modules and wall acts as a rigid body. Stability of gabion walls shall
be performed assuming that gabions are flexible.

14.8.5.1 Unfactored and Factored Loads

All modular walls shall be investigated for lateral earth and water pressure including any live
and/or dead load surcharge. Dead load due to self weight and soil or rock in-fill shall also be
included in computing the unfactored loads. Material properties for selected backfill,
concrete, and steel shall be in accordance with guidelines suggested in 14.4.6. The
properties of prefabricated modules shall be based on the type of wall modules being
supplied by the wall suppliers.

The angle of friction 6 between the back of the modules and backfill shall be used in
accordance with the LRFD [3.11.5.9] and LRFD [Table C3.11.5.9.1]. Loading and earth
pressure distribution diagram shall be developed as shown in Figure 14.4-6 or Figure 14.4-7

Since infill material and backfill materials of the gabion walls are well drained, no hydrostatic

pressure is considered for the gabion walls. The unit weight of the rock-filled gabion baskets
shall be computed in accordance with following:

Yo = (1'nr)Gs'Yw

Where:
Nr = Porosity of the rock fill
Gs = Specific gravity of the rock
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Yw = Unit weight of water

Free-draining granular material shall be used as backfill material behind the prefabricated
modules in a zone of 1:1 from the heel of the wall. The soil design parameters shall be
provided by the Geotechnical Engineer.

Factored loads and moments shall be computed as discussed in 14.4.5.5 and shall be
multiplied by applicable load factors given in Table 14.4-1. A summary of load factors and
load combinations as applicable for a typical modular block wall is presented in Table 14.8-1

14.8.5.2 External Stability

The external stability of the prefabricated modular walls shall be evaluated for sliding,
eccentricity check, and bearing resistance in accordance with LRFD [11.11.4]. It is assumed
that the wall acts as a rigid body. LRFD [11.11.4.1] requires that wall stability be performed
at every module level. The stability can be evaluated using procedure described in 14.7.1.2.

For prefabricated modular walls, the sliding analysis shall be performed by assuming that
80% of the weight of the soil in the modules is transferred to the footing supports with the
remaining soil, weight being transferred to the area of the wall between footings.

The load resisting overturning shall also be limited to 80%, because the interior of soil can
move with respect to the retaining module.

The bearing resistance shall be evaluated by assuming that 80% weight of the infill soil is
transferred to point (or line) supports at the front or rear of the module.

14.8.5.3 Settlement

The vertical and lateral displacements of prefabricated modular retaining walls must be
evaluated for all applicable dead and live load combinations at Service | using procedure
described in 14.4.7.2 and compared with tolerable movement criteria presented in 14.4.7.2.1.
In general, lateral movements of walls on shallow foundations can be estimated assuming
the wall rotates or translates as a rigid body due to the effects of earth loads and differential
settlements along the base of the wall.

14.8.5.4 Overall Stability

The overall (global) stability shall be evaluated in accordance with LRFD [11.6.2.3] and in
accordance with 14.4.7.3 with the exception that the entire mass of the modular walls (or the
“foundation load”), may be assumed to contribute to the overall stability of the slope. The
overall stability check shall be performed by the Geotechnical Engineer.

14.8.5.5 Structural Resistance

Structural design of the modular units or members shall be performed in accordance with
LRFD [11.11.5]. The design shall be performed using the factored loads developed for the
geotechnical design (external stability) and for the factored pressures developed inside the
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modules in accordance with LRFD [11.11.5.1]. Design shall consider any potential failure
mode, including tension, compression, shear, bending, and torsion. The contractor/wall
supplier is responsible for the structural design of wall components.

14.8.6 Summary of Design Safety Factors and Requirements
Requirements
Stability Checks
e External Stability
o Sliding
o Overturning (eccentricity check)
0 Bearing Stress
e Internal Stability
0 Structural Components
e Settlement
e Overall Stability
Foundation Design Parameters
e Use values provided by Geotechnical Engineer
Concrete and steel Design Data
o f'<=4000 psi (or as required by design)
e f, =60,000 psi
Use uncoated bars or welded wire fabric
Traffic Surcharge
e Traffic live load surcharge = 240 Ib/ft?

e If no traffic live load is present, use 100 Ib/ft® live load for construction
equipment

Retained Soil

e Unit weight = 120 Ib/ft®

January 2011 14-108



P
i (Jyt WisDOT Bridge Manual Chapter 14 — Retaining Walls
&y

¢ Angle of internal friction =
0 Use value provided by Geotechnical Engineer
o Rock-infill unit weight =
0 Based on porosity and rock type
Soil Pressure Theory
o Coulomb's Theory for prefabricated wall systems

e Rankine theory or Coulomb theory, at the discretion of designer for gabion
walls

7 Load Factors

GFOUp 'YDC ’YEV yLSV YLSh ’YEH ’YES PrObab|e use
Strengthla | 0.90 | 1.00| 0.0 |1.75]1.50 | 1.50 Sliding, eccentricity
Strength Ib | 1.25 | 1.35| 1.75 | 1.75 | 1.50 | 1.50 Bearing /wall strength

Service | | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | - | Clobalsettiementiwall crack
control
Table 14.8-1

Load Factor Summary for Prefabricated Modular Walls
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14.9 Soil Nail Walls

Soil nail walls consist of installing reinforcement of the ground behind an excavation face, by
drilling and installing closely-spaced rows of grouted steel bars (i.e., soil nails). The soil nails
are subsequently covered with a facing; used to stabilize the exposed excavation face,
support the sub-drainage system (i.e., composite strip drain, collector and drainage pipes),
and distribute the soil nail bearing plate load over a larger area. When used for permanent
applications, a permanent facing layer, meeting the aesthetic and structural requirement is
constructed directly over the temporary facing.

Soil nail walls are typically used to stabilize excavation during construction. Soil nail walls
have been used recently with MSE walls to form hybrid wall systems typically known as
‘shored walls’. The soil nails are installed as top down construction. Conventional soil nail
wall systems are best suited for sites with dense to very dense, granular soil with some
apparent cohesion (sands and gravels), stiff to hard, fine-grained soil (silts and clays) of
relatively low plasticity (P1<15), or weak, weathered massive rock with no adversely-oriented
planes of weakness. Soil nail wall construction requires that open excavations stand
unsupported long enough to allow soil nail drilling and grouting, subdrainage installation,
reinforcement, and temporary shotcrete placement. Soil nail walls should not be used below
groundwater.

14.9.1 Design Requirements

AASHTO LRFD currently does not include the design and construction of soil nail walls. It is
recommended that soil nail walls be designed using methods recommended in Geotechnical
Engineering Circular (GEC) No. 7 — Soil Nail Walls (FHWA, 2003). The design life of the soil
nail walls shall be in accordance with 14.4.3.

The design of the soil nailing walls requires an evaluation of external, internal, and overall
stability and facing-connection failure mode as presented in Sections 5.1 thru Sections 5.6 of
(GEC) No. 7 — Soil Nail Walls (FHWA, 2003).

A permanent wall facing is required for all permanent soil nail walls. Permanent facing is
commonly constructed of cast-in-place (CIP) concrete, welded wire mesh (WWM) reinforced
concrete and precast fabricated panels. In addition to meeting the aesthetic requirements
and providing adequate corrosion protections to the soil nails, design facings for all facing-
connection failure modes indicated in FHWA 2003.

Corrosion protection is required for all permanent soil nail wall systems to assure adequate
long-tem wall durability. . The level of corrosion protection required should be determined on
a project-specific basis based on factors such as wall design life, structure criticality and the
electrochemical properties of the supporting soil and rock materials. Criteria for classification
of the supporting soil and rock materials as “aggressive” or “non-aggressive” are provided in
FHWA 2003.

Soil nails are field tested to verify that nail design loads can be supported without excessive
movement and with an adequate margin of safety. Perform both verification and proof
testing of designated test nails as recommended in FHWA 2003.
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Figure 14.9-1

In-Situ Soil Nailed Walls
(Source: Earth Retaining Structures, 2008)
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14.10 Steel Sheet Pile Walls

14.10.1 General

Steel sheet pile walls are a type of non-gravity wall and are typically used as temporary
walls, but can also be used for permanent locations.

Sheet piling consists of interlocking steel, precast concrete or wood pile sections driven side
by side to form a continuous unit. Steel is used almost exclusively for sheet pile walls.
Individual pile sections usually vary from 12 to 21 inches in width, allowing for flexibility and
ease of installation. The most common use of sheet piling is for temporary construction of
cofferdams, retaining walls or trench shoring. The structural function of sheet piles is to resist
lateral pressures due to earth and/or water. The steel manufacturers have excellent design
references. Sheet pile walls generally derive their stability from sufficient pile penetration
(cantilever walls). When sheet pile walls reach heights in excess of approximately 15 feet,
the lateral forces are such that the walls need to be anchored with some form of tieback.

Cofferdams depend on pile penetration, ring action and the tensile strength of the
interlocking piles for stability. If a sheet pile cofferdam is to be dewatered, the sheets must
extend to a sufficient depth into firm material to prevent a "blow out", that is water coming in
from below the base of the excavation. Cross and other bracing rings must be adequate and
placed as quickly as excavation permits.

Sheet piling is generally chosen for its efficiency, versatility, and economy. Cofferdam sheet
piling and any internal bracing are designed by the Contractor, with the design being
accepted by the Department. Other forms of temporary sheet piling are designed by the
Department. Temporary sheet piling is not the same as temporary shoring. Temporary
shoring is designed by the Contractor and may involve sheet piling or other forms of
excavation support.

14.10.2 Sheet Piling Materials

Although sheet piling can be composed of timber or precast concrete members, these
material types are seldom, if ever, used on Wisconsin transportation projects.

Steel sheet piles are by far the most extensively used type of sheeting in temporary
construction because of their availability, versatility and ability to be reused. Also, they are
very adaptable to permanent structures such as bulkheads, seawalls and wharves if properly
protected from salt water.

Sheet pile shapes are generally Z, arched or straight webbed. The Z and the medium to high
arched sections have high section moduli and can be used for substantial cantilever lengths
or relatively high lateral pressures. The shallow arched and straight web sections have high
interlocking strength and are employed for cellular cofferdams. The Z-section has a
ball-and-socket interlock and the arched and straight webbed sections have a thumb-and-
finger interlock capable of swinging 10 degrees. The thumb-and-finger interlock provides
high tensile strength and considerable contact surface to prevent water passage. Continuous
steel sheet piling is not completely waterproof, but does stop most water from passing
through the joints. Steel sheet piling is usually 3/8 to 1/2 inch thick. Designers should specify
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the required section modulus and embedment depths on the plans, based on bending
requirements and also account for corrosion resistance as appropriate.

Refer to steel catalogs for typical sheet pile sections. Contractors are allowed to choose
either hot or cold rolled steel sections meeting the specifications. Previously used steel sheet
piling may be adequate for some temporary situations, but should not be allowed on
permanent applications.

14.10.3 Driving of Sheet Piling

All sheets in a section are generally driven partially to depth before all are driven to the final
required depths. There is a tendency for sheet piles to lean in the direction of driving
producing a net "gain" over their nominal width. Most of this "gain" can be eliminated if the
piles are driven a short distance at a time, say from 6 feet to one third of their length before
any single pile is driven to its full length. During driving if some sheet piles strike an
obstruction, move to the next pile that can be driven and then return to the piles that resisted
driving. With interlock guides on both sides and a heavier hammer, it may be possible to
drive the obstructed sheet to the desired depth.

Sheet piles are installed by driving with gravity, steam, air or diesel powered hammers, or by
vibration, jacking or jetting depending on the subsurface conditions, and pile type. A vibratory
or double acting hammer of moderate size is best for driving sheet piles. For final driving of
long heavy piles a single acting hammer may be more effective. A rapid succession of blows
is generally more effective when driving in sand and gravel; slower, heavier blows are better
for penetrating clay materials. For efficiency and impact distribution, where possible, two
sheets are driven together. If sheets adjacent to those being driven tend to move down below
the required depth, they are stopped by welding or bolting to the guide wales. When sheet
piles are pulled down deeper than necessary by the driving of adjacent piles, it is generally
better to fill in with a short length at the top, rather than trying to pull the sheet back up to
plan location.

14.10.4 Pulling of Sheet Piling

Vibratory hammers are most effective in removing sheets and typically used. Sheet piles are
pulled with air or steam powered extractors or inverted double acting hammers rigged for this
application. If piles are difficult to pull, slight driving is effective in breaking them loose. Pulled
sheet piling is to be handled carefully since they may be used again; perhaps several times.

14.10.5 Design Procedure for Sheet Piling Walls

A description of sheet pile design is given in LRFD [11.8.2 ] as “Cantilevered Wall Design"
along with the earth pressure diagrams showing some simplified earth pressures. They are
also referred to as flexible cantilevered walls. Steel sheet pile walls can be designed as
cantilevered walls up to approximately 15 feet in height. Over 15 feet height, steel sheet pile
walls may require tie-backs with either prestressed soil anchors, screw anchors, or
deadman-type anchors.

The preferred method of designing cantilever sheet piling is by the "Conventional Method" as
described in the United States Steel Sheet Piling Design Manual (February,1974). The
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Geotechnical Engineer provides the soil design parameters including cohesion values,
angles of internal friction, wall friction angles, soil densities, and water table elevations. The
lateral earth pressures for non gravity cantilevered walls are presented in LRFD [3.11.5.6].

Anchored wall design must be in accordance with LRFD [11.5.6]. Anchors for permanent
walls shall be fully encapsulated over their entire length. The anchor hardware shall be
designed to have a corrosion resistance durability to ensure a minimum design life of 75
years.

All areas of permanent exposed steel sheet piling above the ground line shall be coated or
painted prior to driving, or shall be made from weathering steel. Corrosion potential should
be considered in all steel sheet piling designs. Special consideration should be given to
permanent steel sheet piling used in areas of northern Wisconsin which are inhabited by
corrosion causing bacteria (see Facilities Development Manual, Procedure 13-1-15).

Permanent sheet pile walls below the watertable may require the use of composite strip
drains, collector and drainage pipes before placement of the final concrete facing.

The appearance of permanent steel sheet piling walls may be enhanced by applying either
precast concrete panels or cast-in-place concrete surfacing. Welded stud-shear connectors
can be used to attach cast-in-place concrete to the sheet piling. Special surface finishes
obtained by using form liners or other means and concrete stain or a combination of stain
and paint can be used to enhance the concrete facing aesthetics.
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14.10.6 Summary of Design Requirements

1. Load and Resistance Factor

Load Load Factors Resistance Factor

Combination

Strength | EH-Horizontal Earth |  —eeeeeee

(maximum) Pressure: 8 =1.50

LRFD [Table 3.4.1-2]
Strength | LS-Live Load Surcharge: | -
(maximum) 3=1.75

LRFD [Table 3.4.1-1]

Strengthl | e Passive resistance of vertical

(maximum) elements: ¢=0.75
LRFD [Tablel11.5.6-1]

Servicel | e Overall Stability: $=0.75, when
geotechnical parameters are well
defined, and the slope does not
support or contain a structural element

Servicel | - Overall Stability: ¢$=0.65, when
geotechnical parameters are based on
limited information, or the slope does
support or contain a structural element

Table 14.10-1

Summary of Design Requirements

2. Foundation design parameters

Use values provided by the Geotechnical Engineer of record for permanent sheet pile
walls. Temporary sheet pile walls are the Contractor’s responsibility.

3. Traffic surcharge

e Traffic live load surcharge = 240 Ib/ft? or determined by site condition.

e If no ftraffic live load is present, use 100 Ib/ft? live load for construction
equipment

4. Retained soil

e Unit weight = 120 Ib/ft?

¢ Angle of internal friction as determined from the Geotechnical Report.
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5. Soil pressure theory
Coulomb Theory.
6. Design life for anchorage hardware
75 years minimum

7. Steel design properties

Minimum yield strength = 39,000 psi
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14.11 Post and Panel Walls

Post and panel walls are comprised of discrete vertical elements (usually steel H piles) and
concrete panels or wood lagging which extend between the vertical elements. The panels
are usually constructed of precast reinforced concrete although precast prestressed concrete
is also a possibility. Precast prestressed concrete can also be used for the vertical elements.
Post and panel walls should be considered if minimum environmental damage and/or
disturbances to the site from construction procedures are critical. Post and panel walls may
also be used when an irregular rock surface and/or rock near the surface exists at the wall
location since the holes for the posts can be drilled into the rock.

14.11.1 Design Procedure for Post and Panel Walls

LRFD [11.8] Non-Gravity Cantilevered Walls covers the design of post and panel walls. A
simplified earth pressure distribution diagram is shown in LRFD [3.11.5.6] for permanent
post and panel walls. Another method that may be used is the "Conventional Method" or
“Simplified Method” as described in "United States Steel Sheet Piling Design Manual",
February, 1974. This method must be modified for the fact that it is based on continuous
vertical wall elements whereas, post and panel walls have discrete vertical wall elements.
Using "Broms" method for designing drilled shafts is also acceptable. WisDOT can provide
the design of these walls.

The maximum spacing between vertical supporting elements (posts) depends on the wall
height and the design parameters of the foundation soil. Spacing of 6 to 12 feet is typical.
The posts (vertical elements) are set in drilled holes and concrete is placed in the hole after
the post is set. The post system must be designed to handle maximum bending moment
along length of embedded shaft. The maximum bending moment at any level in the facing
can be determined from formulas in LRFD [11.8.5.1]. The minimum panel thickness allowed
is 6 inches.

The diameter of the drilled shaft is also dependent on the wall height and the design
parameters of the foundation soil. The larger the diameter of the drilled shaft the smaller will
be the required embedment of the shaft. The designer should try various shaft diameters to
optimize the cost of the drilled shaft considering both material cost and drilling costs. Note
that drilling costs are a function of both hole diameter and depth.

If the vertical elements are steel they shall be shop painted. Wall panels are usually given a
special surface treatment created by brooming or tining vertically, using form liners, or using
a pattern of rustication strips. The portion of the panel receiving the special treatment may be
recessed, forming a border around the treated area. Concrete paints or stains may be used
for color enhancements. When panel heights exceed 15 feet anchored walls may be needed.
Anchored wall design must be in accordance with LRFD [11.9]. Anchors for permanent
walls shall be fully encapsulated over their entire length. The anchor hardware shall be
designed to have a corrosion resistance durability to ensure a minimum design life of 75
years.

The concrete for post and panel walls shall have a 28 day compressive strength of 4000 psi
if non-prestressed and 5000 psi if prestressed except for the drilled shafts. Concrete for the
drilled shafts shall have a 28 day compressive strength of 3500 psi. Reinforcement shall be
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uncoated Grade 60 in drilled shafts. In lieu of drainage aggregate a membrane may be used
to seal the joints between the vertical elements and concrete panels to prevent water

leakage. The front face of post and panel walls shall be battered 1/4" per foot to account for
short and long term deflection.

14.11.2 Summary of Design Requirements
Requirements

1. Resistance Factors

e Overall Stability= 0.65 to 0.75 (based on how well defined the geotechnical
parameters are and the support of structural elements)

e Passive Resistance of vertical Elements = 0.75

2. Foundation Design Parameters

Use values provided by the Geotechnical Engineer

3. Concrete Design Data
o f's=3500 psi (for drilled shafts)
o f's=4000 psi (non-prestressed panel)
o f'.=5000 psi (prestressed panel)
e f, =60,000 psi
4. Load Factors
e Vertical earth pressure = 1.5
e Lateral earth pressure = 1.5
e Live load surcharge = 1.75
5. Traffic Surcharge
e Traffic live load surcharge = 2 feet = 240 Ib/ft?

e If no traffic surcharge, use 100 Ib/ft?

6. Retained Sail
e Unit weight = 120 Ib/ft?

o Angle of internal friction - Use value provided by the Geotechnical Engineer
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7. Soil Pressure Theory

Rankine's Theory or Coulombs Theory at the discretion of the designer.
8. Design Life for Anchorage Hardware

75 year minimum
9. Steel Design Properties (H-piles)

Minimum yield strength = 50,000 psi
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14.12 Temporary Shoring

This information is provided for guidance. Refer to the Facilities Development Manual for
further details.

Temporary shoring is used to support a temporary excavation or protect existing
transportation facilities, utilities, buildings, or other critical features when safe slopes cannot
be made for structural excavations. Shoring may be required within the limits of structures or
on the approach roadway due to grade changes or staged construction. Temporary shoring
generally includes non-anchored temporary sheet piles, temporary post and panel walls,
temporary soil nails, cofferdam, or temporary mechanically stabilized earth (MSE) walls.

Temporary shoring is designed by the contractor. Shoring should not be required nor paid
for when used primarily for the convenience of the contractor.

14.12.1 When Slopes Won’t Work

Typically shoring will be required when safe slopes cannot be made due to geometric
constraints of existing and proposed features within the available right-of-way. Occupation
and Healthy Safety Administration (OSHA) requirements for temporary excavation slopes
vary from a 1H:1V to a 2H:1V. The contractor is responsible for determining and constructing
a safe slope based on actual site conditions.

In most cases, the designer can assume that an OSHA safe temporary slope can be cut on
a 1.5H:1V slope; however other factors such as soil types, soil moisture, surface drainage,
and duration of excavation should also be factored into the actual slope constructed. As an
added safety factor, a 3-foot berm should be provided next to critical points or features prior
to beginning a 1.5H:1V slope to the plan elevation of the proposed structure. Sufficient room
should be provided adjacent to the structure for forming purposes (typically 2-3 feet).

14.12.2 Plan Requirements

Contract plans should schematically show in the plan and profile details all locations where
the designer has determined that temporary shoring will be required. The plans should note
the estimated length of the shoring as well as the minimum and maximum required height of
exposed shoring. These dimensions will be used to calculate the horizontal projected surface
area projected on a vertical plane of the exposed shoring face.

14.12.3 Shoring Design/Construction

The Contractor is responsible for design, construction, maintenance, and removal of the
temporary shoring system in a safe and controlled manner. The adequacy of the design
should be determined by a Wisconsin Professional Engineer knowledgeable of specific site
conditions and requirements. The temporary shoring should be designed in accordance with
the requirements described in 14.4.2 and 14.4.3. A signed and sealed copy of proposed
designs must be submitted to the WisDOT Project Engineer for information.
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14.13 Noise Barrier Walls

14.13.1 Wall Contract Process

WisDOT has classified all noise walls (both proprietary and non-proprietary) into three wall
systems. All proprietary systems must be pre-approved prior to being considered for use on
WisDOT projects. The three noise wall systems that are considered for WisDOT projects
include the following:

1. Double-sided sound absorptive noise barriers
2. Single-sided sound absorptive noise barriers
3. Reflective noise barriers

If a wall is required, the designer must determine which wall system or systems are suitable
for a given wall location. In some locations all wall systems may be suitable, whereas in other
locations some wall systems may not be suitable. Information on aesthetic qualities and
special finishes and colors of proprietary systems is available from the manufacturers.
Information on approved concrete paints, stains and coatings is also available from the
Structures Design Section. Designers are encouraged to contact the Structures Design
Section (608-266-8494) if they have any questions about the material presented in the
Bridge Manual.

The step by step process required to select a suitable wall system or systems for a given wall
location is as follows:

Step 1: Investigate alternatives
Investigate alternatives to walls such as berms, plantings, etc.

Step 2: Geotechnical analysis
If a wall is required, geotechnical personnel shall conduct a soil investigation at the
wall location and determine soil design parameters for the foundation sail.
Geotechnical personnel are also responsible for recommending remedial methods of
improving soil bearing capacity if required.

Step 3: Evaluate basic wall restrictions

The designer shall examine the list of suitable wall systems using the Geotechnical
Report and remove any system that does not meet usage restrictions for the site.

Step 4: Determine suitable wall systems
The designer shall further examine the list of suitable wall systems for conformance to

other considerations. Refer to Chapter 2 — General and Chapter 6 — Plan Preparation
for a discussion on aesthetic considerations.
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Step 5: Determine contract letting

After the designer has established the suitable wall system(s), the method of contract
letting can be determined. The designer has several options based on the contents of

Option 1:

The list contains only non-proprietary systems.

Under Option 1, the designer will furnish a complete design for one of the non-
proprietary systems.

Option 2:

The list contains proprietary wall systems only or may contain both proprietary
and non-proprietary wall systems, but the proprietary wall systems are
deemed more appropriate than the non-proprietary systems.

Under Option 2 the designer will not furnish a design for any wall system. The
contractor can build any wall system which is included on the list. The
contractor is responsible for providing the complete design of the wall system
selected, either by the wall supplier for proprietary walls or by the contractor's
engineer for non-proprietary walls. Contract special provisions, if not in the
Supplemental Specs., must be included in the contract document for each wall
system that is allowed. Under Option 2, at least two and preferably three wall
suppliers must have an approved product that can be used at the project site.
See the Facilities Development Manual (Procedure 19-1-5) for any
exceptions.

Option 3:

The list contains proprietary wall systems and non-proprietary wall systems
and the non-proprietary systems are deemed equal or more appropriate than
the proprietary systems.

Under Option 3 the designer will furnish a complete design for one of the non-
proprietary systems, and list the other allowable wall systems.

Step 6: Prepare Contract Plans

Refer to section 14.16 for information required on the contract plans for proprietary
systems. If a contractor chooses an alternate wall system, the contractor will provide
the plans for the wall system chosen.

Step 7: Prepare Contract Special Provisions
The Structures Design Section and Region Offices have Special Provisions for each

wall type and a generic Special Provision to be used for each project. The list of
proprietary wall suppliers is maintained by the Materials Quality Assurance Unit.
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Complete the generic Special Provision for the project by inserting the list of wall
systems allowed and specifying the approved list of suppliers if proprietary wall
systems are selected.

Step 8: Submit P.S.& E. (Plans, Specifications and Estimates)

When the plans are completed and all other data is completed, submit the project into
the P.S.& E. process. Note that there is one bid item, square feet of exposed wall, for
all wall quantities.

Step 9: Preconstruction Review

The contractor must supply the name of the wall system supplier and pertinent
construction data to the project manager. This data must be accepted by the Office of
Design, Contract Plans Section before construction may begin. Refer to the
Construction and Materials Manual for specific details.

Step 10: Project Monitoring

It is the responsibility of the project manager to verify that the project is constructed
with the previously accepted contract proposal. Refer to the Construction and
Materials Manual for monitoring material certification, construction procedures and
material requirements.

14.13.2 Pre-Approval Process

The purpose of the pre-approval process is to ascertain that a particular proprietary wall
system has the capability of being designed and built according to the requirements and
specifications of WisDOT. Any unique design requirements that may be required for a
particular system are also identified during the pre-approval process. A design of a pre-
approved system is acceptable for construction only after WisDOT has verified that the
design is in accordance with the design procedures and criteria stated in the Certification
Method of Acceptance for Noise Barrier Walls.

In addition to design criteria, suppliers must provide materials testing data and certification
results for the required tests for durability, etc. The submittal requirements for the pre-
approval process and other related information are available from the Materials Quality
Assurance Unit, Madison, Wisconsin.
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14.14 Contract Plan Requirements

The following minimum information shall be required on the plans.

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Finish grades at rear and front of wall at 25 foot intervals or less.
Final cross sections as required for wall designer.

Beginning and end stations of wall and offsets from reference line to front face of
walls. If reference line is a horizontal curve give offsets from a tangent to the curve.

Location of right-of-way boundaries, and construction easements relative to the front
face of the walls.

Location of utilities if any and indicate whether to remain in place or be relocated or
abandoned.

Special requirements on top of wall such as copings, railings, or traffic barriers.
Footing or leveling pad elevations if different than standard.

General notes on standard insert sheets.

Soil design parameters for retained soil, backfill soil and foundation soil including
angle of internal friction, cohesion, coefficient of sliding friction, groundwater
information and ultimate and/or allowable bearing capacity for foundation soil. If piles
are required, give skin friction values and end bearing values for displacement piles
and/or the allowable steel stress and anticipated driving elevation for end bearing
piles.

Soil borings.

Details of special architectural treatment required for each wall system.

Wall systems, system or sub-systems allowed on projects.

Abutment details if wall is component of an abutment.

Connection and/or joint details where wall joins another structure.

Groundwater elevations.

Drainage provisions at heel of wall foundations.

Drainage at top of wall to divert run-off water.
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14.15 Construction Documents

14.15.1 Bid Items and Method of Measurement

Proprietary retaining walls shall include all required bid items necessary to build the wall
system provided by the contractor. The unit of measurement shall be square feet and shall
include the exposed wall area between the footing and the top of the wall measured to the
top of any copings. For setback walls the area shall be based on the walls projection on a
vertical plane. The bid item includes designing the walls preparing plans, furnishing and
placing all materials, including all excavations, temporary bracing, piling, (including delivered
and driven), poured in place or precast concrete or blocks, leveling pads, soil reinforcement
systems, structural steel, reinforcing steel, backfills and infills, drainage systems and
aggregate, geotextiles, architectural treatment including painting and/or staining, drilled
shafts, wall toppings unless excluded by contract, wall plantings, joint fillers, and all labor,
tools, equipment and incidentals necessary to complete the work.

The contractor will be paid for the plan quantity as shown on the plans. (The intent is a lump
sum bid item but is bid as square feet of wall). The top of wall coping is any type of cap
placed on the wall. It does not include any barriers. Measurement is to the bottom of the
barrier when computing exposed wall area.

Non-proprietary retaining walls are bid based on the quantity of materials used to construct
the wall such as concrete, reinforcing steel, piling, etc. These walls are:

e Cast-in-Place Concrete Cantilever Walls
e Post-and-Panel Walls

o Steel Sheet Piling Walls

14.15.2 Special Provisions
The Structures Design Section has Standard Special Provisions for:

e Wall Modular Block Gravity LRFD, Item 532.0201.S.
e Wall Modular Block Mechanically Stabilized Earth LRFD, Iltem 532.0301.S.
o Wall Concrete Panel Mechanically Stabilized Earth LRFD, Iltem 532.0501.S
e Wall CIP Facing Mechanically Stabilized Earth LRFD, Item 532.0601.S.
e Wall Wire Faced Mechanically Stabilized Earth LRFD, Iltem 532.0701.S.
e Wall Gabion LRFD, Item 532.0801.S.
e Wall Modular Bin or Crib LRFD, Item 532.0901.S.

e Temporary Wall Wire Faced Mechanically Stabilized Earth LRFD, Iltem 532.0751.S.
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The designer determines what wall systems(s) are applicable for the project. The approved
names of suppliers are inserted for each eligible wall system. The list of approved proprietary
wall suppliers is maintained by the Structures Development Section which is responsible for
the Approval Process for earth retaining walls, 14.16.
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14.16 Submittal Requirements for Pre-Approval Process

14.16.1 General

The following four wall systems require the supplier or manufacturer to submit to the
Structural Design Section a package that addresses the items specified in paragraph C.

1. Modular Block Gravity Walls
2. MSE Walls with Modular Block Facings
3. MSE Walls with Precast Concrete Panel Facings

4. Modular Concrete Bin or Crib Walls

14.16.2 General Requirements

Approval of retaining wall systems allows for use of these systems on Wisconsin Department
of Transportation (WisDOT) projects upon the manufacturer's certification that the system as
furnished to the contractor (or purchasing agency) complies with the design procedures
specified in the Bridge Manual. WisDOT projects include: State, County and Municipal
Federal Aid and authorized County and Municipal State Aid projects in addition to materials
purchased directly by the state.

The manufacturer shall perform all specification tests with qualified personnel and maintain
an acceptable quality control program. The manufacturer shall maintain records of all its
control testing performed in the production of retaining wall systems. These test records shall
be available at all times for examination by the Construction Materials Engineer for Highways
or designee. Approval of materials will be contingent upon satisfactory compliance with
procedures and material conformance to requirements as verified by source and field
samples. Sampling will be performed by personnel during the manufacture of project specific
materials.

14.16.3 Qualifying Data Required For Approval
Applicants requesting Approval for a specific system shall provide three copies of the
documentation showing that they comply with AASHTO LRFD and WisDOT Standard
Specifications and the design criteria specified in the Bridge Manual.
1. An overview of the system, including system theory.

2. Laboratory and field data supporting the theory.

3. Detailed design procedures, including sample calculations for installations with no
surcharge, level surcharge and sloping surcharge.

4. Details of wall elements, analysis of structural elements, capacity demand ratio, load
and resistance factors, estimated life, corrosion design procedure for soil
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reinforcement elements, procedures for field and laboratory evaluation including
instrumentation and special requirements, if any.

5. Sample material and construction control specifications - showing material type,
quality, certifications, field testing and placement procedures.

6. A well documented field construction manual describing in detail and with illustrations
where necessary, the step by step construction sequence.

7. Details for mounting a concrete traffic barrier on the wall adjoining both concrete and
flexible pavements (if applicable).

8. Pullout data for facing block/geogrid connection and soil pullout data (if applicable).

9. Submission of practical application with photos for all materials, surface textures and
colors representative of products being certified.

10. Submission, if requested, to an on-site production process control review, and record
keeping review.

11. List of installations including owner name and wall location.
12. Limitations of the wall system.

The above materials may be submitted at any time but, to be considered for a particular
WisDOT project, must be received a minimum of 15 weeks before the letting date for that
project to meet the P.S. & E. schedule. The material should be clearly detailed and
presented according to the prescribed outline.

After final review and approval of comments with the Structural Development Section, the
manufacturer will be approved to begin presenting the system on qualified projects.

14.16.4 Maintenance of Approval Status as a Manufacturer

The supplier or manufacturer must request to be reapproved bi-annually. The request shall
be in writing and certify that the plant production process control and materials testing and
design procedures haven't changed since the last review. The request shall be received
within two years of the previous approval or the approval status will be terminated. Upon
request for re-approval an on-site review of plant process control and materials testing may
be conducted by WisDOT personnel. Travel expenses for trips outside the State of
Wisconsin involved with this review will be borne by the manufacturer.

For periodic on-site reviews, access to the plant operations and materials records shall be
provided to a representative of the Construction Materials Engineer during normal working
hours upon request.

If the supplier or manufacturer introduces a new material, or cross-section, or a new design
procedure, into its product line, the new feature must be submitted for approval. If the new
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feature/features are significantly different from the original product, the new product may be
subjected to a complete review for approval.

14.16.5 Loss of Approved Status
Approval to deliver the approved system may be withdrawn under the following conditions:
Design Conformance
1. Construction does not follow design procedures.
2. Incorrect design procedures are used on projects.
Materials
3. Inability to consistently supply material meeting specification.
4. Inability to meet test method precision limits for quality control testing.
5. Lack of maintenance of required records.
6. Improper documentation of shipments.
7. Not maintaining an acceptable quality control program.

The decision to remove approval from a manufacturer on a specific system rests with the
Construction Materials Engineer for Highways or the State Bridge Engineer.
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14.18 Design Examples

E1: Cast-In-Place Concrete Cantilever Wall on Spread Footing, LRFD
E2: Precast Panel Steel Reinforced MSE Wall, LRFD

E3: Modular Block Facing Geogrid Reinforced MSE Wall, LRFD

E4: Cast-In-Place Concrete Cantilever Wall on Piles, LRFD

E5: Sheet Pile Wall, LRFD
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E14-1 Cast-In-Place Concrete Cantilever Wall on Spread Footing, LRFD

General

This example shows design calculations for a cast-in-place (CIP) concrete wall supported
on a spread footing conforming to the LRFD Bridge Design Specifications and the
WisDOT Bridge Manual. (Example is current through LRFD Fifth Edition - 2010)

Sample design calculations for bearing resistance, external stability (sliding, eccentricity
and bearing) and wall strength design will be presented. The overall stability and
settlement calculations will not be shown in this example, but are required.

Design steps presented in 14.5.2.1 are used for the wall design.

E14-1.1 Establish Project Requirements

The CIP concrete wall shown in Figure E14-1.1-1 will be designed appropriately to
accommodate a State Truck Highway. External stability, overall stability and wall strength
are the designer's (WisDOT/Consultant) responsibility.

Top of Wall \
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Design Wall Height
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% CIP ConcreR
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E14-1.2 Design Parameters
Project Parameters
Design_Life = 75 years Wall design life (min) LRFD [11.5.1]

Soil Properties (From Geotechnical Site Investigation Report)

Designer to determine if long-term or short-term soil strength parameters govern external
stability.

Backfill Soil Design Parameters

of = 30 deg Angle of internal friction

v¢ = 0.120 Unit weight, kcf

cg=0 Cohesion, pcf

& =21 deg Friction angle between fill and wall

Note: Per WisDOT Bridge Manual and Standard Specifications,
structural backfill shall be granular and non-expansive.

Foundation Soil Design Parameters

bfq = 34 deg Angle of internal friction
Yig = 0.120 Unit of weight, kcf
Ciqg =0 Cohesion, psf

Reinforced Concrete Parameters

f'C =35 Concrete compressive design strength, ksi (14.5.9)
ve = 0.150 We = 7¢ Unit weight of concrete, ksf

E; = 33000 Wc1'5 \/f'—c Modulus of elasticity of concrete, ksi LRFD [5.4.2.4]
E; = 3587 |ksi

fy = 60 Yield strength of reinforcing bars, ksi (14.5.9)

Es = 29000 Modulus of elasticity of reinforcing bars, ksi
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Live Load Surcharge Parameters

Live load surcharge shall be used when vehicular load is located within H/2 of the
backface of the wall LRFD [3.11.6.4]. The equivalent height of soil for vehicular load, H,,

used for surcharge loads shall be in accordance to LRFD [Table 3.11.6.4-2]. However,
WisDOT policy for most cases requires an equivalent height of 2.0 feet. The following
procedure is used for determining live load surcharge:

Ltraffic = 1.0 Distance from wall backface to edge of traffic, ft
H_ 10.00 Distance from wall backface where live load
E - surcharge shall be considered in the wall design, ft

Note: The wall height used is the exposed height plus an
assumed 4 feet embedment (H=H_+4 feet)

Shall live load surcharge be included? [check = "YES" |
heq =20 Equivalent height of soil for surcharge load, ft
(14.4.5.4.2)

Pavement Parameters

Yp = 0.150 Pavement unit weight, kcf

Resistance Factors

¢ = 1.00 Sliding resistance
Bearing resistance (theoretical method, in sand, using SPT)

¢p = 045 LRFD [Table 10.5.5.2.2-1]

o = 1.00 Sliding resistance

Orq = 0.80 Sliding resistance (cast-in-place concrete on sand)
LRFD [Table 10.5.5.2.2-1]

b0 = 1.00 Sliding resistance (soil-on-soil)

¢ep = 0.50 Sliding resistance (passive earth pressure component of
sliding resistance) LRFD [Table 10.5.5.2.2-1]

oF = 0.90 Concrete flexural resistance (Assuming tension-controlled)
LRFD [5.5.4.2.1]

oy = 0.90 Concrete shear resistance LRFD [5.5.4.2.1]
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E14-1.3 Define Wall Geometry

He

L o | 4ol

with Shear Key

Figure E14-1.3-1
CIP Concrete Wall Geometry

Wall Geometry
He =16.0 Exposed wall height, ft
D = 4.0 Footing cover, ft (WisDOT policy 4'-0" minimum)
H= He + Ds Design wall height, ft
Ty=1.0 Stem thickness at top of wall, ft
by =0.25 Front wall batter, in/ft (b,H:12V)
by = 0.50 Back wall batter, in/ft (b,H:12V)
B =0 deg Inclination of ground slope behind face of wall, deg (horizontal)
t=1.0 Pavement thickness, ft
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Preliminary Wall Dimensioning

Selecting the most optimal wall configuration is an iterative process and depends on site
conditions, cost considerations, wall geometry and aesthetics. For this example, the
iterative process has been completed and the final wall dimensions are used for design

checks.
H=20.0 Design wall height, ft
B=10.0 Footing base width, ft (2/5H to 3/5H)
A=35 Toe projection, ft (H/8 to H/5)
D=20 Footing thickness, ft (H/8 to H/5)

WisDOT policy: H<10-0" D, =1-6"
H>10-0" D, =2"-0"

Shear Key Dimensioning

Dkey =1.0 Depth of shear key from bottom of footing, ft
Dy =1.0 Width of shear key, ft
XK = A Distance from toe to shear key, ft

Other Wall Dimensioning

hh=H-D Stem height, ft h'=18.00
T4 =by % Stem front batter width, ft T4 =0375
Ty =Dy % Stem back batter width, ft To =0.750
Tp=Tq+Ti+ Ty Stem thickness at bottom of wall, ft Tp =213
C=B-A- Tb Heel projection, ft =4.38

0 = atan[;_zj Angle of back face of wall to horizontal 0 = 87.6ded

2
b =12 Concrete strip width for design, in
y1 = Dy Bottom of footing depth, ft yq = 4.0
yo = Dg+ Dkey Bottom of shear key depth, ft yo = 5.0

h=H-t+ (T2 + C) tan(B) Retained soil height, ft

0
I
N
©
o
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E14-1.4 Permanent and Transient Loads

In this example, load types DC (dead load components), EV (vertical earth pressure), EH
(horizontal earth pressure) and LS (live load surcharge) will be used. Soil above the toe
will be ignored as well as its passive resistance. When a shear key is present only the
passive soil resistance from the vertical face of the shear key will be included in sliding
resistance.

E14-1.4.1 Compute Earth Pressure Coefficients
E14-1.4.1.1 Compute Active Earth Pressure Coefficient
Compute the coefficient of active earth pressure using Coulomb Theory LRFD [Eq

3.11.5.31]

¢ = 30.0deg

B = 0.0deg

6 = 87.6deg

o = 21.0deg

[ |
sin(e + ¢f)2
kg =

T sin(0)? sin(6 - 5)

2

- (1 +]sin(¢f+ 8) sin(og - B)J

sin(6 - 8) sin(6 + B)

sin(e + ¢f)2

ky = ky = 0.314
a 2 a

T sin(6)“ sin(0 - §)

E14-1.4.1.2 Compute Passive Earth Pressure Coefficient
Compute the coefficient of passive earth pressure using Rankine Theory

2
k, = tan| 45 d bd k, = 3.54
p—an eg+7 p = o
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E14-1.4.2 Compute Unfactored Loads

The forces and moments are computed by using Figures E14-1.3-1 and E14-1.3-3 and by
their respective load types LRFD [Tables 3.4.1-1 and 3.4.1-2]

.d“’i
\l'm
v, <]V6V9
i\’z{ V= JU TR
|
||| F
V1| |V3 sur
N e "
? : V11 F'r1
|
A1 | V4
[
(1]
1 dh'T

Point 'O’

1 2
FTZEth Ka

rhk,

==

Figure E14-1.4-3

CIP Concrete Wall - External Stability
Active Earth Force Resultant (kip/ft), F;

Active earth force resultant (EH)

Live Load Surcharge Load (kip/ft), F,

Fsur = 71 heq N Ka

Vertical Loads (Kkip/ft), V;

1 1
Vi=5T1hve
Vo = Tih've

1 L}
V3 =T

January 2011

Live load surcharge

resultant (LS)

Wall stem front batter (DC)

Wall stem (DC)

Wall stem back batter (DC)

]
|
]
/ sur
"]
]
/
"
o hmw,/,ka
Fr = 6.81
Four = 143
V1 = 051
V, = 2.70
V3 =101
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V4 = DBy, Wall footing (DC) V4 = 3.00
Vg =t (T2 + C) Yp Pavement (DC) Vg = 0.77
V7 =C (h'-t) y¢ Soil backfill - heel (EV) V7 = 8.92
1 . )
Vg = > To (h'—t) v¢ Soil backfill - batter (EV) Vg =0.77
1
Vo =3 (T2 +C)[(T2+C) tan(B)] v¢
Soil backfill - backslope (EV) Vg = 0.00
Vig = heq (T2 + C) Vs
Live load surcharge (LS) Vi =123

V{1 = Fp sin(90 deg - 6 + 3)

Active earth force resultant Vqiq =270
(vertical component - EH)

Moments produced from vertical loads about Point 'O' (kip-ft/ft), MV,

Moment Arm (ft) Moment (kip-ft/ft)
dy1 :A+§T1 @’ MVq = Vq dyy @
dv2=A+T1+2 E’ MVy = Vo dyo @
dv3:A+T1+Tt+% dy3 =51] MV3 =V3dy3  [MV3=52]
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2T,

dog = A+ Tq+ T4+ — dua = 5.4 MVgq = Vq d MVg = 4.1

v = A+ Tq+ T+ — vg =S 8 = Vg dvg 8

2(T2+C)

dV9 = A+ T1 + Tt + T dV9 = 8.3 MVg = Vg dV9 MVg = 0.0
T2+C

dy10 = B~ dy10=74] MV4g = Vqg dy1o MV1q = 9.1

dy11 = B dyq1 = 10.0 | MV4q = Vqq dyqq MV44 =270

Horizontal Loads (kip/ft), H,

Hq = Fgyr cos(90 deg-6 + 8)
Live load surcharge (LS) Hq=1.32
Hy = Ft cos(90 deg-06 + 8)

Active earth force Hy = 6.25
(horizontal component) (EH)

Moments produced from horizontal loads about about Point 'O" (kip-ft/ft), MH,

Moment Arm (ft) Moment (Kip-ft/ft)
h
dh1 = 3 dp1 =95 | 1 = Hq dnq 1= 125
h
dpo = 3 dpo = 6.3 MH5 = Hy dpo MH, = 39.6
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Summary of Unfactored Forces & Moments:

Load Moment Am| Moment |LRFD

ltem Description Vglue ltem Value ltem Yalue #oad

(kip/ft) (ft) (kip-ft/ft) | 'YPe
V; [Wall stem front batter 0.51 dy1 3.8 MV, 1.9 DC
V, |Wall stem 270 | dy 44 | MV, 11.8 DC
V53 |Wall stem back batter 1.01 dys 5.1 MV5 52 DC
V, |Wall footing 3.00 | dy 50 | MV, 15.0 DC
Ve [Pavement 0.77 | dy 7.4 MVg 57 DC
V7 |Soil backfill 8.92 | dy7 7.8 | MV, 69.7 EV
Vs |Soil backfill 0.77 | dys 54 | MV 4.1 EV
Vo |Soil backfill 0.00 | dyo 8.3 | Mvy 0.0 EV
V4o [Live load surcharge 1.23 | dy10 74 | MVqo 9.2 LS
Vi1 |Active earth pressure 2.70 | dy1q1 | 10.0 | MVy4 27.0 EH

Table E14-1.4-1
Unfactored Vertical Forces & Moments

Load Moment Arm Moment LRFD
tem Description Vglue ltem Value ltem Yalue #oad
(kip/ft) (ft) (kip-ft/ft) | 'YP€
H; |Live load surcharge 1.32 | dpq 9.5 MH, 12.5 LS
H, |Active earth force 6.25 | dno 6.3 MH, 39.6 EH

Table E14-1.4-2
Unfactored Horizontal Forces & Moments
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E14-1.4.3 Summarize Applicable Load and Resistance Factors

Maximum and minimum load factors shall be used to determine the extreme load effects.
WisDOT's policy is to set all the load modifiers to zero(n = 1.0). Factored loads and
moments for each limit state are calculated by applying the appropriate load factors LRFD
[Tables 3.4.1-1 and 3.4.1-2]. The following load combinations will be used in this example:

Load Combination | 7Ypc Tev Tis.v | Yis Ve Application
Strength la 0.90 1.00 - 1.75 1.50 Sliding, Eccentricity
Strength Ib 1.25 1.35 1.75 1.75 1.50 Bearing, Wall Strength

Service | 1.00 1.00 1.00 1.00 1.00 Wall Crack Control

Table E14-1.4-3
Load Combinations

Load Combination Assumptions:

e Live load surcharge stabilizing loads (if applicable) are ignored for overturning and
sliding analyses. Live load surcharge is used to compute maximum bearing
pressure, wall strength and overall (global) stability.

e Minimum horizontal earth pressure ,ygy ) = 0.9, will not control in this example

based on B/H and lateral load inclination, but should be checked.

e Vertical loads from vehicle collision need not be applied with transverse loads. By
inspection, transverse loads will control Extreme Event Load Combination for this
example.

e Component load factors shall remain consistent throughout calculations. For
example, the active earth force resultant (F;) can be broken into component

forces of either V. gvermax) @A HaYermax) OF Viover(min) 8N HaYer(min) NOt
Vi0Yer(miny @3N HoYermay),
The loads discussed and tabulated previously can now be factored by the appropriate

load factors and combined to determine the governing limit states for each design
check.
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E14-1.4.4 Compute Factored Loads and Moments
Unfactored loads by load type (kip/ft)

VDC =V1+V2+V3+V4+V6

VoG = 8.0
VEv = V7 + Vg + Vg Vey = 9.7
Vis = V1o Vig=12
VEH = V11 Ven = 2.7

His = H - 1.3

Hen = H2

ElEE

Unfactored moments by load type (kip-ft/ft)

MDC = MV1 + MV2 + MV3 + MV4 + MV6

<
O
O
[
w
©
o

MEV = MV7 + MV8 + MVg MEV =738
Mis1 = MVyqg M g1 = 9.1
MeH1 = MVq4 MgH1 = 27.0
Mis2 = MH4 M gp = 125
Mgpp = MHo Mgpp = 39.6

Factored vertical loads by limit state (kip/ft)

V_la = n(0.90Vpg + 1.00VEy + 0.00 Vi g + 1.50 V) V_la = 20.9
V_Ib = n(1.25Vpc + 1.35Vpy + 1.75 V| g + 1.50 V) V_Ib =29.3
V_Ser = n(1.00Vpg + 1.00Vgy + 1.00 V| g + 1.00 Vgp) V_Ser = 216
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Factored horizontal loads by limit state (kip/ft)

H_la = n(1.75H g + 1.50HgR) 0117
H_Ib = n(1.75H g + 1.50HgR) 0= 117
H_Ser = n(1.00H| g + 1.00HE) 0 Ser— 76

Factored moments produced by vertical Loads by limit state (kip-ft/ft)

MV_la = n(0.90Mp¢ + 1.00Mgy + 0.00M| g1 + 1.50 Mgq)  [MV_la = 150.0 |

MV_Ib

n(1.25Mpg + 1.35Mgy + 1.75M| g1 + 1.50 Mgq)  [MV_Ib = 205.8 |

MV_Ser = n(1.00Mpg + 1.00Mgy + 1.00M| g4 + 1.00 Mgyyq)  [MV_Ser = 149.6 |

Factored moments produced by horizontal loads by limit state (kip-ft/ft)

MH_la = n(1.75M| g + 1.50 M) IMH_la = 81.3 |
MH_Ib = n(1.75M g + 1.50 M) IMH_Ib = 81.3 |
MH_Ser = n(1.00M g + 1.00 M) [MH_Ser = 52.1 |

Vert. Loads | Moments |Horiz. Loads | Moments
\ Mv H MH

Load Combination (kips/ft) | (kip-kip/ft) (Kips/ft) (Kip-kip/ft)
Strength la 20.9 150.0 11.7 81.3
Strength Ib 29.3 205.8 11.7 81.3
Service | 21.6 149.6 7.6 521

Table E14-1.4-4
Summary of Factored Loads & Moments
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E14-1.5 Compute Bearing Resistance, qr

Nominal bearing resistance, q,, LRFD [Eq 10.6.3.1.2a-1]

, |
An = g Nom * ¥ Df Ngm Cuq + 0.5 7 B' Ny Cyyy

Compute the resultant location (distance from Point 'O' Figure E14-4.4-3)
SMR = MV_Ser [ZMR = 149.6 Summation of resisting moments for Service |

XMg = MH_Ser [EM@ = 52.1 Summation of overturning moments for Service |

>V = V_Ser V=216 Summation of vertical loads for Service |

ZMR—ZMO
X = ——

Distance from Point "O" the resultant ft
Vv intersects the base

Compute the wall eccentricity

B

e = x f
Define the foundation layout

B=B-2e Footing width ft

L' = 90.0 Footing length (Assumed) L'=90.0 | ft

H' = H_Ser Summation of horizontal loads for Service | kip/ft

V' =V_Ser Summation of vertical loads for Service | V' = 21.6 | kip/ft

D¢ = 4.00 Footing embedment

0 = atan(%) Direction of resultant from horizontal 0' = 70.7 ded

Compute bearing capacity factors per LRFD [Table 10.6.3.1.2a-1]

dfq = 34.0deg Nq =294 N =4216 Ny = 41.06

Compute shape correction factors per LRFD [Table 10.6.3.1.2a-3]

Since the friction angle, ¢, is > 0 the following equations are used:

B' Nq
=1 — || — =1.07
() o

0= 1+ (Tl =17
Sy = 1- 04(%) sy = 0.96
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Compute load inclination factors using LRFD Equations [10.6.3.1.2a-5] thru
[10.6.3.1.2a-9]

L' B'
2+ - 2+ E
n = = cos(e')2+ = sin(6)
1+ — 1+—
B' L'
H' :
iq = 1- 1 iq = 0.46
V' + Cfd B' L'
tan(d)fd)
1
H n+
b, = 1—V o 1 '7:0'30
l+ Cfd 1 )
tan(¢fd)
o [ 1-g :
i = iq - Nq_1 For ¢y > 0: ic =044

Compute depth correction factor per LRFD [Table 10.6.3.1.2a-4]. While it can be
assumed that the soils above the footing are as competent as beneath the footing, the
depth correction factor is taken as 1.0 since D¢/B is less than 1.0.

dy = 1.00
q
Determine coefficients CWq and Cm assuming that the water depth is greater than 1.5
times the footing base plus the embedment depth per LRFD [Table 10.6.3.1.2a-2]
Cwg =10 where D, >1.5B+D;
Cwy = 1.0 where D, >1.5B+D;

Compute modified bearing capacity factors
LRFD [Equation 10.6.3.1.2a-2 to 10.6.3.1.2a-4]

Nem = Ne S¢ g Nem = 197
Ngm = Ng Sq dq g Ngm = 14.3
Nym = Ny s, iy Nym = 117

—

Compute nominal bearing resistance, q,, LRFD [Eq 10.6.3.1.2a-1]

dn = ¢d Nem + Y¢d Ds qu CWq +0.5y¢q B’ Nym Cwy an = 13.21 | ksf/ft
Compute factored bearing resistance, qg, LRFD [Eq 10.6.3.1.1]

bp = 0.45

dr = 9p 9n qR = 5.95 | ksf/ft
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E14-1.6 Evaluate External Stability of Wall

Three potential external failure mechanisms will be considered in this example. These
failures include bearing, limiting eccentricity and sliding. Global (overall) stability
requirements are assumed to have been satisfied in prior calculations. Design
calculations will be carried out for the governing limit states only.

E14-1.6.1 Bearing Resistance at Base of the Wall
The following calculations are based on Strength Ib:
Compute resultant location (distance from Point 'O' Figure E14-1.4-3)

IMR = MV_Ib Summation of resisting moments for Strength Ib
EMO = MH_Ib Summation of overturning moments for Strength Ib
>V =V_Ib Summation of vertical loads for Strength Ib

SMg = 205.8  kip-ft/ft
Mg = 81.3  kip-ft/it

>V =29.3 Kip/ft
ZMR — ZMO

X = Distance from Point "O" the resultant intersects the base

x =425 | ft

2V

Compute the wall eccentricity

e =2 x e =075] ft

2

Note: The vertical stress is assumed to be uniformly distributed over the
effective bearing width, B', since the wall is supported by a soil foundation
LRFD [11.6.3.2]. The effective bearing width is equal to B-2e. When the
foundation eccentricity is negative the actual bearing width, B, will be used.

Compute the ultimate bearing stress

sV
G =
V™ B_2e

oy = 3.44 | ksffft

Factored bearing resistance

qR = 5.95 | ksf/ft

Capacity:Demand Ratio (CDR)

ar
CDRBearing1 =
Sv

CDRBearing1 =173 |

s the CDR > 1.0? lcheck = "OK" |
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E14-1.6.2 Limiting Eccentricity at Base of the Wall
The location of the resultant of the reaction forces is limited to the middle one-half of the
base width for a soil foundation (i.e., e, ,, = L/4) LRFD [11.6.3.3]. The following
calculations are based on Strength la:

Maximum eccentricity
B

®max = 3 €max = 2.50 | ft

Compute resultant location (distance from Point 'O' Figure E14-1.4.3)

MR = MV_la Summation of resisting moments for Strength la
EMO = MH_la Summation of overturning moments for Strength la
TV =V la Summation of vertical loads for Strength la

SMg = 150.0  kip-ft/ft
SMq = 81.3  kip-ft/ft

TV =209 kip/ft

ZMR — ZMO
X=— Distance from Point "O" the resultant intersects the base
>V
x=3.29 | ft
Compute the wall eccentricity
B
e =X f
Capacity:Demand Ratio (CDR)
€max
CDReceentricityt = —5 CDREccentricity1 = 146 |
s the CDR > 1.0? lcheck = "OK" |
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E14-1.6.3 Sliding Resistance at Base of the Wall

For sliding failure, the horizontal force effects, R ,, is checked against the sliding
resistance, Rg, where Rz=¢R, LRFD [10.6.3.4]. If sliding resistance is not adequate a
shear key will be investigated. The following calculations are based on Strength la:

Factored Sliding Force, R,

R, = H_la Ry = 11.7 | kip/ft

Sliding Resistance, Ry
RR = ¢sRn = (I)rRr + (I)pe Rep

Compute sliding resistance between soil and foundation, ¢, R;

SV = V_la Kip/ft

07 =100 ¢4 =080 =100

R, = 13.8 | kip/ft

¢, R, =13.8 | kip/ft

Compute passive resistance throughout the design life of the wall, q)ep R

Dy B - Dy
R; = IV tan(o¢g) (4%1 = tt2—3 j

ep
fep1 = kp Yid Y1 Nominal passive pressure at y, fep1 = 1.70 | Kkip/ft

fep2 = kp Yid Y2 Nominal passive pressure at y, fep2 = 2.12 | kip/ft

fep1 + Tep2

Rep = —2 P2 [y, - yi) Rep — 1.0 | kipft

dep = 0.50 dep Rep = 1-0 | Kip/t

Compute nominal resistance against failure by sliding, R,

Rn = 1 Ry +dgp Rep R, = 14.8 | kip/ft

Compute factored resistance against failure by sliding, Ry
¢ =1.00

RR = ¢ Ry RR = 14.8 | kip/ft

Capacity:Demand Ratio (CDR)

RR
CDRsliding1 = &~ CDRsiidingt = 1-27 |
u
s the CDR > 1.0? lcheck = "OK" |
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E14-1.7 Evaluate Wall Structural Design

Note: CIP concrete walls are a non-proprietary wall system and the structural
design computations shall be performed by the wall designer.

Wall structural design computations for shear and flexure will be considered in this
example. The critical sections for flexure are taken at the front, back and bottom of them
stem. For simplicity, critical sections for shear will be taken at the critical sections used for
flexsure. In actuality, the toe and stem may be designed for shear at the effective depth
away from the face. Crack control and temperature and shrinkage considerations will also
be included.

E14-1.71 Evaluate Heel Strength
E14-1.7.1.1 Evaluate Heel Shear Strength
For Strength Ib:

V, =125 (g Vy +v6) +1.35 (V7 + Vg + Vg) + 1.75 (V4p) + 1.50 (V44)

V, =219 | kip/ft

Nominal shear resistance, V,, is taken as the lesser of V_, and V_, LRFD [5.8.3.3]
Vi =V, LRFD [Eq 5.8.3.3-1]
where: V_=0.0316 B,/f by, dy
V,=025f_b,d, LRFD [Eq 5.8.3.3-2]

Compute the shear resistance due to concrete, V,:

cover = 2.0 in
s=7.0 in (bar spacing)
Barpg = 6 (transverse bar size)

Barp = 0.750 in (transverse bar diameter)

Barp = 0.440 in2 (transverse bar area)

BarA
As = — Ag = 0.75 | in2/ft
12
BarD
ds:D12—cover— ds—21.6 in
A f
a= Y a=13] in
0.85f.b
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a .
dyq =ds-5 dyq=21.0] in
dyo = 0.9 dg dyo = 19.5 | in
dy3 = 0.72 D 12 dy3 = 17.3 | in
dy = max(dyq,dy2.dy3) d,=210] in

Nominal shear resistance, V,, is taken as the lesser of V., andV,,

B =20

Vg = 0.0316 B [ b dy

V1 = Ve Vi1 = 29.8 | kip/ft
Vpo = 0.25f:bd, Vo = 220.4 | kip/ft
Vpy = min(Vp 1, Vpo) V,, = 29.8 | kip/ft

Vy = by Vi V, = 26.8 | kip/ft

Vv, = 21.9 | kip/ft

Is V, less than V.? lcheck = "OK" |

E14-1.7.1.2 Evaluate Heel Flexural Strength
Vy =219 kip/ft

C .
M, =V, > My = 47.9 | kip-ft/ft

Calculated the capacity of the heel in flexure at the face of the stem:

a) 1 .
Mp = Ag fy (ds - 5) T2 Mp =79.2 Kip-ft/ft
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Calculate the flexural resistance factor ¢:

Bq =0.85
© = o "
1
o = [0.75 if d—cs<§
(ds ) 5 ds g tr =027
065+0.15 —-1| if = <—<—
c 3 ¢ 3
0.90 otherwise
Note: if o =0.75 Section is compression-controlled
if 0.75 < ¢ < 0.90 Section is in transition
if ¢ = 0.90 Section is tension-controlled

Calculate the flexural factored resistance, M

M = o Mp,

Is M, less than M ?

M, = 71.2 | kip-ftft
My, = 47.9 | kip-ft/ft

[check = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

fr = 0.37 [f¢

1 3
l, =— b (D12
9”713 ( )

1
yt:ED12

|
S = —

Yt
M —Sf1

cr — Cr12

Is M, greater than the lesser value of 1.2*M_,
and 1.33*M,?

January 2011

fr = 0.692 | ksi

= 13824 | in

Mor = 665 |  kip-fuft

1.2 Mg =79.7 | Kip-ft/ft

1.33 M, = 63.7 | Kip-ft/ft

[check = "OK" |
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E14-1.7.2 Evaluate Toe Strength

The structural design of the footing toe is calculated using a linear contact stress
distribution for bearing for all soil and rock conditions.

E14-1.7.2.1 Evaluate Toe Shear Strength
For Strength Ib:

SMR = MV_Ib MR = 205.8 | kip-fi/ft
Mg = MH_Ib Mg = 81.3 | kip-fi/ft

SV = V. Ib TV = 29.3 | kip/ft
ZMR— ZMO
xR 0 "
>V
B
e:maxo,——x) o075

2
VvV e
Gmax = E (1 + 6 E) Gmax =4.24 ksf/ft
2V e
Smin = g (1 -6 E) Smin = 1.62 | kst

Calculate the average stress on the toe

B-A
Smax * [Gmin R (Gmax - c‘min)}

2

GV:

oy = 3.78 | ksfift

Vy =oyA V, = 13.2 | kip/ft

Nominal shear resistance, V,, is taken as the lesser of V_, and V_, LRFD [5.8.3.3]
Vi =V, LRFD [Eq 5.8.3.3-1]

in which:  V_=0.0316 B, [f by dy

V,=025f_b,d, LRFD [Eq 5.8.3.3-2]
Design footing toe for shear

cover = 3.0 in
s=9.0 in (bar spacing)
Barng = 5 (transverse bar size)

Barp = 0.63 in (transverse bar diameter)
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Barp = 0.31 inZ (transverse bar area)
Barp -
As = — Ag = 041 | in2/ft
12
Barp

ds = D 12 - cover -

dg =207 | in
As fy
a=——— -a =0.7 in
0.85f. b

a .
dy1 = ds -3 dy1 =203 in
dyp = 0.9 dg dyo =186 | in
dy3 = 0.72 D 12 dy3 =173 in
dy = max(dy,dyp,dy3) dy=20.3] in

Nominal shear resistance, V,, is taken as the lesser of V, ;and V ,

B=20
Vg = 0.0316 B [fc b dy

V1 = Ve Vg = 289 | kip/ft
Vpo = 025 b d, Vo = 213.6 | kip/ft
Vp = min(Vpq, Vo) V, =289 kip/ft

Ve = by Vp, V =260 kip/ft

V=132 kip/ft

Is V, less than V.? [check = "OK" |

E14-1.7.1.2 Evaluate Toe Flexural Strength

V, =132 kiplft

M, =V

u u

N>

My, = 23.2 | kip-ft/ft
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Calculated the capacity of the toe in flexure at the face of the stem:

a) 1
Mp :Asfy(ds_zjﬁ

Calculate the flexural resistance factor ¢:

By =085
a
cC = —
Bq
q
S 5
_lo7s it =<2
¢F c 3
d d
0.65+0.15(—S—1) 2 S
c 3 c

0.90 otherwise

Calculate the flexural factored resistance, M
M = o Mp,

Is M, less than M ?

w]| o

My, = 42.0 | kip-ft/ft

M, = 37.8 | kip-fu/ft

[check = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

fr = 0.37 [f¢

1 3
l, =— b (D12
9”713 ( )

1
yt:ED12

|
S = —

Yt
M —Sf1

cr — Cr12

fr=0.692 ] ksi

— 13824 | in”

M, = 66.5 | Kip-ft/ft

1.2 Mg =79.7 | Kip-ft/ft

1.33 M, = 30.8 | Kip-ft/ft

Is M, greater than the lesser value of 1.2*M_ and 1.33*M?

January 2011

[check = "OK" |
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E14-1.7.3 Evaluate Stem Strength
Unfactored Stem Horizontal Loads and Moments:

Hi = vf heq (h'—1) kg cos(90 deg -0 + §) Hq = 1.2 | kip/ft
Hy = % v¢ (h' = )2 k, cos(90 deg - 0 + 5) H,=50] kip/ft
M4 = Hy (%} @, Kip-ft/ft
Mp = Hp (%} @, kip-f/ft

Factored Stem Horizontal Loads and Moments:
for Strength Ib:

Hyq = 1.75 Hq + 1.50 Hy Hyt =96 | Kip/ft
Myq1 = 1.75 M4 + 1.50 My @, kip-ft/ft
for Service I:

Hy3 = 1.00 Hq + 1.00 Hy Hyz = 6.2 | kip/ft

MU3 =1.00 M1 +1.00 M2 MU3 =384 kip'ft/ﬂ

E14-1.7.3.1 Evaluate Stem Shear Strength at Footing
Vu = Hus V, =96 | kip/ft

Nominal shear resistance, V,, is taken as the lesser of V_, and V_, LRFD [5.8.3.3]
Vi =V, LRFD [Eq 5.8.3.3-1]

where: V_=0.0316 B,/f by, dy

V,=025f b, d,  LRFD [Eq5.8.3.3-2]

January 2011 14E1-26



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual

Chapter 14 — Retaining Walls

Yo

Compute the shear resistance due to concrete, V_:

cover = 2.0
s =10.0
BarNO =8

BarD =1.00

in
in (bar spacing)

(transverse bar size)
in (transverse bar diameter)

inZ (transverse bar area)

BarA =0.79

BarA

Ag =

12
BarD

ds = Tb 12 — cover —
A f
a_ 'Sy
0.85f.b

a
dy1 :ds_a

dyp = 0.9 dg

dyz = 0.72 T 12

dy = max(dv1 ,dvz,dv3)

Ag = 0.95 | in2/ft

=230 | in
E=6] in

S

dg =

dyq = 22.2 | in
dyp = 20.7 | in
dyz = 184 | in
dy =222 in

Nominal shear resistance, V,, is taken as the lesser of V., andV,,

B =20
Vg = 0.0316 B [Fo b dy
Vn1 = Ve

Vpo = 025 b d,
V= min(Vyq, Vo)

Vi =y Vn

Is V, less than V?

January 2011

V1 = 315 | kip/ft

Vo = 233.1 | kipit

V,, = 31.5 | kip/ft

(=284 | kip/ft

:

V,=9.6 | kip/t

[check = "OK" |
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E14-1.7.3.2 Evaluate Stem Flexural Strength at Footing

My = Myq M, = 60.0 | kip-ft

Calculate the capacity of the stem in flexure at the face of the footing:

a) 1 .
Mp = Ag fy (ds - E) E M, = 105.2 kip-ft/ft

Calculate the flexural resistance factor ¢:

Bq =0.85
o= 5 n
1
d
s 5
= 1075 if — <—
" ¢ 3 0.90
dg 5 ds g L
0.65+015| — -1| if —<— < —
c 3 c 3
0.90 otherwise
Calculate the flexural factored resistance, M
M, = ¢ Mj, M, = 94.7 kip-ft/ft
M, = 60.0 kip-ft/ft
Is M, less than M ? lcheck = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

fr = 0.37 [f¢ fo = 0.69 | ksi
_ 3 - 4
lg =75 P (T 12) lg = 16581 | in
1 .
=—Tp 12 =12.8 [In
Yt 2 'b Yt
g
Sc = — S = 1301 |in3
Yt

crs ™~ Sc fr 12 M ors= 75.0 | Kip-ft/ft
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1.2 Mg ¢=90.0 | kip-ftft

1.33 My =799 | kip-fi/ft

Is M, greater than the lesser value of 1.2*M_ and 1.33*M?

lcheck = "OK" |

Check the Service Ib crack control requirements in accordance with LRFD [5.7.3.4]

As
b= dg b p = 0.00343
Es
n ==
c
2
k=y(pn)+2pn-pn k=0.210
K
j=1- 3 j = 0.930
BarD .
d; = cover + de=25]1In
M
fog = —2 12 fog = 22.7 | ksi
Ag j dg
h=T,12
Bg =1+ —dc Ps=12
S 07(h-dg S
Ye = 1.0 for Class 1 exposure
700 y¢
s =—-2d
max o fss c Smax = 21.7 | in

n

Is the bar spacing less thans . ? lcheck = "OK" |
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E14-1.7.3.3 Transfer of Force at Base of Stem

Specification requires that the transfer of lateral forces from the stem to the footing be in
accordance with the shear-transfer provisions of LRFD [5.8.4]. That calculation will not
be presented. Refer to E13-1.9.3 for a similar computation.

E14-1.7.4 Temperature and Shrinkage Steel

E14-1.7.4.1 Temperature and Shrinkage Steel for Footing

The footing will not be exposed to daily temperature changes. Thus temperature and
shrinkage steel is not required. However, #4 bars at 18" o.c. (max) are placed
longitudinally to serve as spacers.

E14-1.7.4.2 Temperature and Shrinkage Steel of Stem

The stem will be exposed to daily temperature changes. In accordance with LRFD [5.10.8]
the stem shall provide temperature and shrinkage steel on each face and in each
direction as calculated below:

s =18.0 in (bar spacing)

Baryg = 4 (bar size)
Barp = 0.50 in (temperature and shrinkage bar diameter)

Barp = 0.20 in2 (temperature and shrinkage bar area)

Barp
A. = (temperature and shrinkage provided)

S

12 Ag = 0.13 | in2/ft
bg = (H-D) 12 least width of stem bg = 216.0 | in
s =Tt 12 least thickness of stem hg =12.0 | in

1.3 bg hg Area of reinforcement per

Ao = —— foot, on each face and in A = 0.12 |in2/ft
s 2 (bs +hg) fy  each direction I’

g
1

Is 0.11< A, < 0.60 ? lcheck = "OK" |

IS A > As? [check = "OK" |
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Check the maximum spacing requirements

s1 = min(3 hg, 18)

so = |12 if hg>18

For walls and footings (in)

S1 otherwise

Smax = min(s1 ,sz)

Is the bar spacing less than's . ?

E14-1.8 Summary of Results

E14-1.8.1 Summary of External Stability

[check = "OK" |

Based on the defined project parameters the following external stability checks have been

satisfied:

External Check CDR
Strength

Sliding 1.27

Eccentricity 1.45

Bearing 1.73

Table E14-1.8-1

Summary of External Stability Computations

January 2011
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E14-1.8.2 Summary of Wall Strength Design
The required wall reinforcing from the previous computations are presented in Figure
E14-1.9-1.

E14-1.8.3 Drainage Design

Drainage requirements shall be investigated and detailed accordingly. In this example
drainage requirements are met by providing granular, free draining backfill materail with a
pipe underdrain located at the bottom of the wall (Assumed wall is adjacent to sidewalk) as

shown in Figure E14-1.9-1.
E14-1.9 Final CIP Concrete Wall Schematic

TOP OF WALL— oy 229
2 R
) -0 \. | —‘1'—:1"
5 | %3 @ 10" O.C. _
i =
3) #4 5 1'-5" O.C. J;) l o)
(@] ~ ‘\'-—-,__ T
o L fT —PIPE UNDERDRAIN
1 W f_;" WRAPPED (6-INCH).
FINISH CRADE
LINE . .
—*%#6 @ 7" 0.C.
e 2'-0" 0. [
ol  ®5.e 9" 0., I
< of 2" : 1.
| == = A e
\/ E\J —L4 - -:_'_
Ef,- -3|7ﬁ\||. | - ‘ . 4|7/]|/’2\|
7| = - . _'_:l = | =
! ) -0 — 10'-0"
Fiqure E14-1.9-1
Cast-In-Place Wall Schematic
14E1-32
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E14-2 Precast Panel Steel Reinforced MSE Wall, LRFD

General

This example shows design calculations for MSE wall with precast concrete panel facings
conforming to the LRFD Bridge Design Specifications and the WisDOT Bridge Manual.
(Example is current through LRFD Fifth Edition - 2010)

Sample design calculations for external stability (sliding, eccentricity and bearing) and
internal stability (soil reinforcement stress and pullout) will be presented. The overall
stability and settlement calculations will not be shown in this example, but are required.

Design steps presented in 14.6.3.3 are used for the wall design.

E14-2.1 Establish Project Requirements

The following MSE wall shall have compacted freely draining soil in the reinforced zone
and will be reinforced with metallic (inextensible) strips as shown in Figure E14-2.1-1.
External stability is the designer's (WisDOT/Consultant) responsibility and internal stability
and structural components are the contractors responsibility.

[ ) //
2 /
Top of Wall 1~ Retained Backfill
\\ (Above and behind

| the reinforced backfill)
P —————— ! d’ s Y c /
/ f f f
£~ Reinforced Backfill
¢: s 'yr , Cr /

Design Wall Height

20-6"
Exposed Wall Height

Finish Grade

Grade |~ Limits of Wall for Design
- A I :
B|.£ 2y Leveling Pad /
~ E Foundation Soil

4y /
/

Figure E14-2.1-1
MSE Wall with Sloping Backfill

January 2011 14E2-2



SNy,

a@g WisDOT Bridge Manual Chapter 14 — Retaining Walls
ot
Wall Geometry
He =205 Exposed wall height, ft
H=Hg+15 Design wall height, ft (assume 1.5 ft wall embedment)
0 = 90 deg Angle of back face of wall to horizontal
B = 26.565 deg Inclination of ground slope behind face of wall (2H:1V)

E14-2.2 Design Parameters

Project Parameters

Design_Life = 75 Wall design life, years (min) LRFD [11.5.1]

Soil Properties (From Geotechnical Site Investigation Report)

Designer to determine if long-term or short-term soil strength parameters govern external
stability.

Reinforced Backfill Soil Design Parameters

o, = 30 deg Angle of internal friction LRFD [11.10.5.1]
yr = 0.120 Unit of weight, kcf
¢, =0 Cohesion, psf

Retained Backfill Soil Design Parameters

Of = 29 deg Angle of internal friction
v¢ = 0.120 Unit of weight, kcf
cg=0 Cohesion, psf

Foundation Soil Design Parameters

bfq = 31deg Angle of internal friction
Yig = 0.125 Unit of weight, kcf
Cqg =0 Cohesion, psf

January 2011 14E2-3
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Factored Bearing Resistance of Foundation Soil

gr = 10.0 Factored resistance at the strength limit state, ksf

Note: The factored bearings resistance, qg, was assumed to be given in the Site
Investigation Report. If not provided qg shall be determined by calculating the
nominal bearing resistance, q,,, per LRFD [Eq 10.6.3.1.2a-1] and factored with the

bearing resistance factor,¢,, for MSE walls (i.e., 9z=¢,q,,)-

Precast Concrete Panel Facing Parameters
Syt = 2.5 Vertical spacing of reinforcement, ft

Note: vertical spacing should not exceed 2.7 ft without full scale test data
LRFD [11.10.6.2.1]

Wp = 5.0 Width of precast concrete panel facing, ft
hp =50 Height of precast concrete panel facing, ft
tp =6.0 Thickness of precast concrete panel facing, in

Soil Reinforcement Design Parameters
Galvanized steel ribbed strips Reinforcing type

Fy = 65 Reinforcing strip yield strength, ksi (Grade 65)
b mm = 50 Reinforcing strip width, mm
b .

b = 2—;":1 b=197 | in

En mm = 4 Reinforcing strip thickness, mm
En mm
E, = — E,=0.16 | in
n 254 n
Zinc = 3.4 Zinc coating, mils (Minimum LRFD [11.10.6.4.2a])
Live Load Surcharge Parameters

SUR = 0.100 Live load surcharge for walls without traffic, ksf

(14.4.5.4.2)
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SNy,

a@g WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

Resistance Factors

dg = 1.00 Sliding of MSE wall at foundation LRFD [Table
11.5.6-1]

op = 0.65 Bearing resistance LRFD [Table 11.5.6-1]

ot = 0.75 Tensile resistance (steel strips) LRFD [Table
11.5.6-1]

¢p = 0.90 Pullout resistance LRFD [Table 11.5.6-1]

E14-2.3 Estimate Depth of Embedment and Length of Reinforcement

For this example it is assumed that global stability does not govern the required
length of soil reinforcement.

Embedment Depth, d

Frost-susceptible material is assumed to be not present or that it has been
removed and replaced with nonfrost susceptible material per LRFD [11.10.2.2].
There is also no potential for scour. Therefore, the minimum embedment, d_, shall

bl e!
be the greater of 1.5 ft (14.6.4) or H/20 LRFD [Table C11.10.2.2-1]

Note: While AASHTO allows the d value of 1.0 ft on level ground, the embedment
depth is limited to 1.5 ft by WisDOT policy as stated in Chapter 14.

H
20

H
= —.1. d. =1.50 | ft
de max(20 , 1 5) e

Therefore, the initial design wall height assumption was correct.
He = 20.5 ft

H=Hg+15 H=22.00 | ft

1.1

January 2011 14E2-5
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Length of Reinforcement, L

In accordance with LRFD [11.10.2.1] the minimum required length of soil
reinforcement shall be the greater of 8 feet or 0.7H. Due to the sloping backfill
surcharge and live load surcharge a longer reinforcement length of 0.9H will be
used in this example. The length of reinforcement will be uniform throughout the
entire wall height.

09H=19.8 ft

Luser = 20.0 ft

L = max(8.0,0.9 H,Lyser) t
Height of retained fill at the back of the reinforced soil, h

h =H+L tan(B) h =32.00 | ft

E14-2.4 Permanent and Transient Loads

In this example, load types EV (vertical earth pressure), EH (horizontal earth pressure)
and LS (live load surcharge) will be used as shown in Figure E14-2.4-1. Due to the
relatively thin wall thickness the weight and width of the concrete facing will be ignored.
Passive soil resistance will also be ignored.

E14-2.4.1 Compute Active Earth Pressure

Compute the coefficient of active earth pressure (k) using Coulomb Theory LRFD [Eq

3.11.5.3-1] with the wall backfill material interface friction angle, §, set equal to B (i.e. 5=p)
LRFD [11.10.5.2]. The retained backfill soil will be used (i.e., k,=k)

¢f = 29deg

B = 26.565deg
6 = 90deg
5=

2

S APy E R

sin(6 - §) sin(0 + B)

. 2

Kof = Sm(e . ¢f) ks = 0.585
af = 2 af = V-

T sin(6)” sin(0 — 5)

January 2011 14E2-6
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E14-2.4.2 Compute Unfactored Loads

The forces and moments are computed using Figure E14-2.4-1 by their appropriate LRFD
load types LRFD [Tables 3.4.1-1 and 3.4.1-2]

H /
S
E el
- 1/6 L__l
____________ R e
L Z
E'L._ i F Fsun
' . SUR
< ~—Bh,
T Vi EL\Q i R
L2 U,
[ Point'0" | P
|/ | dn, / A
i R1| fL ‘0 | kgs¥eh | ks SUR
H v r 1 T
Le)
L-2e
L
Figure E14-2.4-1
MSE Wall - External Stability
Active Earth Force Resultant, (kip/ft), F;
Fr = % V¥ h2 Kaf Active earth force resultant (EH) Fr =359
Live Load Surcharge Resultant, (kip/ft), Fg 5
FSur = SUR h kyf Live load surcharge (LS) Fsur =19
Vertical Loads, (kip/ft), V,
Vqi=y,HL Soil backfill - reinforced soil (EV) V4 =528
Vo = % y¢L (L tan())  Soil backill - backslope (EV) Vo = 12.0
V3 = Fp sin(p) Active earth force resultant (vertical V3 = 16.1

component - EH)

Moments produced from vertical loads about Point 'O, (kip-ft/ft) MV,

January 2011 14E2-7
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Moment Arm Moment
dyq =0 dyq =0.0 MV4 = V4 dyq MV, = 0.0
1
dyo = EL dyo = 3.3 MVy = V5 dyn MV, = 40.0
L
dy2 = — d
v3 2

Horizontal Loads, (kip/ft), H;

Hqy =Ft cos(B) Active earth force resultant (horizontal
component - EH)
Hy = FgyURr cos([}) Live load surcharge resultant

(horizontal component - LS)

Moments produced from horizontal loads about Point 'O’, (kip-ft/ft), MH,

3 = 10.0 MV3 = V3 dy3 MV3 = 160.7
Hy = 32.1
Hy = 1.7

Moment Arm Moment
h
dpq = — dn4 = 10.7 | MH, = H, d MH, = 342.8
h1 3 h1 1 1 “h1 1
h
dypo = — dpo = 16.0 | MH- = Ho d MH- = 26.8
h2 2 h2 2 2 “h2 2

Summary of Unfactored Forces & Moments:

Load Moment Arm Moment LRFD

Value Value Value | Load

ltem Description (kip/ft)| ttem | (ft) | ttem |(kip-f/ft)| TyP®
V: [Soil backfill 52.80( d 0.0 MV, 0.0 EV
V, [Soil backfill 12.00 | dy 3.3 MV, 40.0 EV
V3 |Active earth pressure 16.10| dy3 | 10.0 | MV3 | 160.7 EH

Table E14-2.4-1
Unfactored Vertical Forces & Moments

Load Moment Arm Moment LRFD
Value Value Value | Load
ltem Description (kip/ft)| ttem | (ft) | ttem |(kip-f/ft)| TYP®

H; Active earth pressure | 32.1 dh1 10.7 | MH, | 342.8 EH
H, Live load surcharge 1.70 | dpo 16.0 | MH, 26.8 LS

Table E14-2.4-2
Unfactored Horizontal Forces & Moments

January 2011 14E2-8
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E14-2.4.3 Summarize Applicable Load and Resistance Factors

Maximum and minimum load factors shall be used to determine the extreme load effects.
WisDOT's policy is to set all load modifiers to one (n = 1.0). Factored loads and moments
for each limit state are calculated by applying the appropriate load factors LRFD [Tables
3.4.1-1 and 3.4.1-2]. The following load combinations will be checked in this example:

Load Combination Limit State EV LS EH
Strength la (minimum) YEVmin = 100 Y Smin =175 YEHmin = 0-90
Strength Ib (maximum) YEVmax = 1-35 YLSmax = 1-75 YEHmax = 1-50
Service | (max/min) vy = 1.00 vLs = 1.00 YEH = 1.00
Load Combination Yev |Visv|Yis H| Yen Application
Strength la 1.00| - 1.75 | 1.50 | Sliding, Eccentricity
Strength Ib 1.35(1.75[1.75|1.50 Bearing, Tax
Service | 1.00({1.00|1.00| 1.00 Pullout (c,)

Table E14-2.4-3
Unfactored Horizontal Forces & Moments

Load Combination Assumptions:

e Live load surcharge stabilizing loads (if applicable) are ignored for overturning and
sliding analyses. Live load surcharge is used to compute maximum bearing
pressure, wall strength and overall (global) stability.

e Minimum horizontal earth pressure ,yg;mi,) = 0.9, will not control in this example
based on B/H and lateral load inclination, but should be checked.

e Component load factors shall remain consistent throughout calculations. For
example, the active earth force resultant (F;) can be broken into component

forces of either Vayeymax) @Nd Hiver(max) OF VaYer(ming @1 HiYerminy MOt VaYer(min)

and H13’EH(max).
e T, .« (Pullout)is calculated without live load and T, (Rupture) is calculated with

live load.

The loads discussed and tabulated previously can now be factored by the appropriate
load factors and combined to determine the governing limit states for each design
check.

January 2011 14E2-9
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E14-2.4.3 Compute Factored Loads and Moments
Unfactored loads by load type (kip/ft)

Vey = Vq+ Vs Vgy - 64.8
Vel = V3 Ve = 16.1
HeH = Hy
His = Ha

Unfactored moments by load type (kip-ft/ft)
MEV = MV1 + MV2

1F [FF
TIE »||T
—|‘|| W n

=1 | w
~|| & NN
A -
'\,

MeH1 = MV3

MEHo = MH4 Mg = 342.8 |

M| g2 = MH, M| g = 26.8
Factored vertical loads by limit state (kip/ft)

V_la = n(1.00Vgy + 1.50 V) V_la = 88.9

V_Ib = n(1.38Vgy + 1.50 Vgp)

V_Ser = n(1.00Vgy + 1.00 Vi) V_Ser = 80.9
Factored horizontal loads by limit state (kip/ft)

H_la = n(1.75H_ g + 1.50Hg) Tar——TY

H_lb = n(1.75H_ g + 1.50Hg) b =511

H_Ser = n(1.00H g + 1.00Hg) A Ser 338 |
Factored moments produced by vertical Loads by limit state (kip-ft/ft) )

MV_la = n(1.00Mgy + 1.50 Mgy4) MV Ja = 287.0 ]

MV_Ib = n(1.35Mgy + 1.50 Mgy4) WV Tb = 295.0 ]

MV_Ser = n(1.00|v|EV +1.00 Mgpyq) [MV_Ser = 2007 |

Factored moments produced by horizontal loads by limit state (kip-ft/ft)
MH_la = n(1.75M| g + 1.50 M)

[MH_la = 561.1 |

MH_Ib = n(1.75M g + 1.50 M) MF_1b = 5671 |

MH_Ser = n(1.00M| g + 1.00 Mgp) [MH_Ser - 369.6 |
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Summary of Factored Forces & Moments:

Vert. Loads | Moments |Horiz. Loads | Moments
\ Mv H MH
Load Combination (kips/ft) | (kip-kip/ft) (Kips/ft) (Kip-kip/ft)
Strength la 88.9 281.0 51.1 561.1
Strength Ib 111.6 295.0 51.1 561.1
Service | 80.9 200.7 33.8 369.6

Table E14-2.4-4
Summary of Factored Loads & Moments

E14-2.5 Evaluate External Stability of MSE Wall

Three potential external failure mechanisms will be considered in this example (sliding at
the base, limiting eccentricity and bearing resistance). Global (overall) stability
requirements are assumed to have been satisfied in prior calculations. Design
calculations will be carried out for the governing limit states only.

E14-2.5.1 Sliding Resistance at Base of MSE Wall
The following calculations are based on Strength la:
Factored Sliding Force

R, = H_la

Ry = 51.14 | kip/ft

Sliding Resistance

To compute the coefficient of sliding friction for discontinuous reinforcement use the
lesser friction angle of the reinforced back fill, ¢, , or foundation soil, ¢y, LRFD

[11.10.5.3].

by = min (o, d5q) 9, = 30de

b = tan(g,)

V_la =889 Factored vertical load, kip/ft

Vnm = B V_la @’kip/ﬂ
¢g = 1.0

RR = ¢s VNm RRg = 51.33 | kip/ft

Capacity:Demand Ratio (CDR)
RR

CDRsliding = &~
u

Is the CDR > 1.07?

January 2011

CDRgjiging = 1-00 |

[check = "OK" |
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E14-2.5.2 Limiting Eccentricity at Base of MSE Wall

The location of the resultant of the reaction forces is limited to the middle one-half of the
base width for a soil foundation (i.e., e, = L/4) LRFD [11.6.3.3]. The following

calculations are based on Strength la:

Maximum eccentricity

L
€max = 2 €max = 500 ft

Compute wall eccentricity (distance from Point 'O’ in Figure E14-2.4-1)

MR = MV_la Summation of resisting moments for Strength la
Mg = MH_la Summation of overturning moments for Strength la
TV =V la Summation of vertical loads for Strength la

SMg = 281.0 | kip-ft/ft

=M = 561.1 | kip-ft/ft

kip/ft

EMO — EMR

e=————— e =3.15 | ft

>V
Capacity:Demand Ratio (CDR)

€max

CDREccentricity =

e CDREccentricity = 1.59 |

s the CDR > 1.0? lcheck = "OK" |
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E14-2.5.3 Bearing Resistance at base of MSE Wall
The following calculations are based on Strength Ib:
Compute wall eccentricity (distance from Point 'O’ in Figure E14-2.4-1)

SMR = MV_Ib Summation of resisting moments for Strength Ib
IMg = MH_Ib Summation of overturning moments for Strength Ib
>V =V_Ib Summation of vertical loads for Strength Ib

SMR = 295.0 | kip-ft/ft

=M = 561.1 | kip-ft/ft

IV = 111.6 | kip/ft

EMo—EMR
e=——— e =238 | ft

Vv

Compute the ultimate bearing stress

Ultimate bearing stress

O.y =
L = Bearing length
e = Eccentricity (resultant produced by extreme bearing resistance loading)

Note: For the bearing resistance calculations the effective bearing width, B' = L-2e,

is used instead of the actual width. Also, when the eccentricity, e, is negative: B'=L.
The vertical stress is assumed to be uniformly distributed over the effective bearing
width, B', since the wall is supported by a soil foundation LRFD [11.6.3.2].

Y

_ — 733 | ksfift
VT 26 oV

Factored bearing resistance

qR = 10.00 | ksf/ft

Capacity:Demand Ratio (CDR)

dr
CDRBearing = G_V

CDRBearing = 1:37 |

s the CDR > 1.0? lcheck = "OK" |
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E14-2.6 Evaluate Internal Stability of MSE Wall

Note: MSE walls are a proprietary wall system and the internal stability
computations shall be performed by the wall supplier.

Internal stability shall be checked for 1) pullout and 2) rupture in accordance with LRFD
[11.10.6]. The factored tensile load, T, ., is calculated twice for internal stability checks

for vertical stress (o) calculations. For pullout T ,is determined by excluding live
load surcharge. For rupture T, ., is determined by including live load surcharge. In this
example, the maximum reinforcement loads are calculated using the Simplified Method.

The location of the potential failure surface for a MSE wall with metallic strip or grid
reinforcements (inextensible) is shown in Figure E14-2.6-1.

tan x03H

[ H=H+———
[ ] -/ 1 +1-0.3lan|3

A ]
{

- | * If wall face is battered,
5 _ L, L, | an offset of 0.3H, is still
|
|

required, and the upper
portion of the zone of
maximum stress should
be parallel to the wall face

(a)

Figure E14-2.6-1
MSE Wall - Internal Stability (Inextensible Reinforcement)
FHWA [Figure 4-9]
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E14-2.6.1 Establish the Vertical Layout of Soil Reinforcement

Soil reinforcement layout is shown in Table E14-2.6-1. The location of the reinforcement
levels corresponds to the vertical depth, Z, into the reinforced soil. The vertical layout was
determined by the industry practice of 2.5 ft vertical spacing for steel ribbed strip
reinforcement. The top level vertical spacing was adjusted to fit the height of the wall.
Computations for determining the maximum tension, T, at Z=8.25 ft are as follows:

Layer = 4 Layer of reinforcement (from top)

Z =8.25 Depth below top of wall, ft

Syt = 2.5 Vertical spacing of reinforcement, ft

Wy = 5.00 Width of precast concrete panel facing, ft

Calculate the upper and lower tributary depths based on the reinforcement vertical
spacing
St
Zneg =Z - Zneg =70 ft
St
ZpOS =7+ 7 ZpOS =9.5 ft
Layer| Z (ft) Z (ft) Z' (ft) Sy (ft)
1 0.75 0 0.75+0.5(3.25-0.75)= 2.0 | 2.00
2 3.25 3.25-0.5(3.25-0.75)= 2.0 3.25+0.5(5.75-3.25)= 4.5 | 2.50
3 5.75 5.75-0.5(5.75-3.25)= 4.5 5.75+0.5(8.25-5.75)= 7.0 | 2.50
4 8.25 8.25-0.5(8.25-5.75)= 7.0 8.25+0.5(10.75-8.25)= 9.5 [ 2.50
5 10.75 10.75-0.5(10.75-8.25)= 9.5 10.75+0.5(13.25-10.75)= 12.0 | 2.50
6 13.25| 13.25-0.5(13.25-10.75)= 12.0 | 13.25+0.5(15.75-13.25)= 14.5 | 2.50
7 15.75| 15.75-0.5(15.75-13.25)= 14.5 | 15.75+0.5(18.25-15.75)= 17.0 | 2.50
8 18.25| 18.25-0.5(18.25-15.75)= 17.0 | 18.25+0.5(20.75-18.25)= 19.5 | 2.50
9 |20.75| 20.75-0.5(20.75-18.25)= 19.5 22 2.50
Table E14-2.6-1
Summary of Computations for Reinforcement Spacing, S,
January 2011 14E2-15
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E14-2.6.2 Compute Horizontal Stress and Maximum Tension, T,ax

Factored horizontal stress
oy = ¥p (oK, + Acy) LRFD [Equation 11.10.6.2.1-1]

v, = Load factor for vertical earth pressure (ygymay)

k. = Horizontal pressure coefficient

o, = Pressure due to gravity and surcharge for pullout, T .1 (v, Zip,+02)

o, = Pressure due to gravity and surcharge for pullout resistance (yer_Po)

o, = Pressure due to gravity and surcharge for rupture, T, ., (v, Zyp, + 05+ Q)
Aoy, = Horizontal pressure due to concentrated horizontal surcharge load

Z = Reinforcement depth for max stress Figure E14-2.6-2

Zp = Depth of soil at reinforcement layer potential failure plane

Z, .ve= Average depth of soil at reinforcement layer in the effective zone

o, = Equivalent uniform stress from backslope (0.5(0.7)Ltanp )y;

g = Surcharge load (q = SUR), ksf

To compute the lateral earth pressure coefficient, k_, a k, multiplier is used to determine
k, for each of the respective vertical tributary spacing depths (Z,.., Z,.,)- The k, multiplier

is determined using Figure E14-2.6-2. To calculate k, it is assumed that 5= and § = 0;

thus, k_=tan?(45-¢, /2) LRFD [Equation C11.10.6.2.1-1]

K,/
/):Ka
0
0
n z
£ arrZdREN
£ 20 ft | 8. = 1./)0 THtan g
a __________ I Veq V21 ‘
';:- i 0-: = S ?I
H |
| S, =equivalent uniform
i height of soil
Y :
Y 10 12 Iti o HL .‘
*Does not apply to polymer stip reinforcement
Figure E14-2.6-2 Figure E14-2.6-3
k/k, Variation with MSE Wall Depth Calculation of Vertical Stress
FHWA [Figure 4-10] FHWA [Figure 4-11]
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Calculate the coefficient of active earth pressure, k,

¢f = 29 deg kg = 0.347

2
of
kg = tan| 45 deg - P

Compute the internal lateral earth pressure coefficient limits based on applying a k,
multiplier as shown in Figure E14-2.6-2. For inextensible steel ribbed strips the k,

multiplier decreases linearly from the top of the reinforced soil zone to a depth of 20 ft.
Thus, the k, multiplier will vary from 1.7 at Z=0 ft to 1.2 at Z=20 ft. To compute k, apply

these values to the coefficient of active earth pressure.
Kr_oft = 1.7 kg ke oft = 0-590 |

Kr_20ft = 1.2 kg kr_poft = 0416 |

Compute the internal lateral earth pressure coefficients, k,, for each of the respective
tributary depths. Since both depths, Z,,, and Z, are less than 20 ft k. will be
interpolated at their respective depths

(20 - Zneg) (kr_Oft - kr_20ft)

Kr_neg = Kr_20ft + 20 Kr neg = 0-529
20 - Z05) (ke oft — K
( pos/ {"r_Oft r_20ft)

Kr_pos = Kr_20ft * 2 K pos = 0-507

Compute effective (resisting) length, L
Z=825 ft Refer to Figure E14-2.6-1. (AH=H,-H)

H=220 ft
L=20 ft
AH - tan(B) (0.3 H)
1-0.3 tan(p) AH = 3.88 | ft
Hq = H+AH Hy=259]ft
. H1
Ly = |0.3Hy |st7—AH La:7.76|f‘t
H-Z
(0.3 H1) otherwise
H4
2

Le = max(L - Lg,3) Lo =1224 |

Note: L, shall be greater than or equal to 3 feet LRFD [11.10.6.3.2]
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E14-2.6.3 Establish Nominal and Factored Pullout Resistance of Soil
Reinforcement

Compute the factored horizontal stress, o, at Z by averaging the upper and lower

tributary values (Z,,, and Z ). Since there is no horizontal stresses from concentrated

dead loads values Aoy, is set to zero.

OH = YEVmax (Yr ZtribT02)Kr

Surcharge loads

oo = % 0.7 H tan(B) v¢ 6o = 0.46 | ksf/ft
Horizontal stress at Z, ., and Z,

SH_neg = YEVmax (Yr Zneg + GZ) kr_neg OH neg = 0.93 ksf/ft

SH_pos = YEVmax (¥r Zpos * ©2) Kr_pos SH_pos = 1-10 ksflit
Horizontal stress at Z

oH = 0.5(0H_pos * OH_neg) @ ksf/ft
Compute the maximum tension, T, ,, atZ

Atrib = Svt Wp Atrip = 12.50 | ft?

Tmax1 = OH Atrib Trmax1 = 12.67 | kip/strip

Compute effective vertical stress for pullout resistance, o,

Z, po = Z+05tan(p) (Lg +L) Zp po=152] ft

vEy = 1.00 Unfactored vertical stress for pullout resistance LRFD [11.10.6.3.2]

Sy = YEV ¥r Zp_PO oy = 1.82 | ksf

Compute pullout resistance factor, F*

The coefficient of uniformity, C , shall be computed based on backfill gradations
Dgo/D4o- If the backfill material is unknown at the time of design a conservative
assumption of C =4 should be assumed LRFD [11.10.6.3.2].

The pullout resistance factor, F*, for inextensible steel ribbed strips decreases
linearly from the top of the intersection of the failure plane with the top of the
reinforced soil zone. Thus, F* will vary from 1.2+log C, (<= 2.0) at Z=0 ft to tan(¢,)
at Z=20 ft. Since no product-specific pullout test data is provided at the time of
design the default value for F* will be used as provided by LRFD [Figure
11.10.6.3.2-1].
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Cy =4 Coefficient of uniformity (C =4 default value) LRFD [11.10.6.3.2]
Foft = min(2.00,1.2 +log(C)) Foft = 1.80
Fl20ft = tan(¢r) Fl20ft =0.58
, , 200-Z ,_, , _
F' = |F'ooft + 0 (F Oft — onft) if Z<20.0

tan(d)r) otherwise

Compute nominal pullout resistance, P,

Scale effect correction factor (steel reinforcement a.= 1.0

a =10 default value) LRFD [Table 11.10.6.3.2-1]

C=2 Overall reinforcement surface area geometry factor (strip
reinforcement C=2.0 ) LRFD [11.10.6.3.2]

Rc =1 Reinforcement coverage ratio (continuous reinforcement

R,=1.0)LRFD [11.10.6.4]

Note: Using strips are considered discontinuous, however the nominal pullout
resistance is based on the actual strip width, rather than a unit width, the
reinforcement coverage ratio is 1.

1

Pr=Faoc,CR.Lghb 12 ‘pr = 9.49 | Kip/strip

Compute factored pullout resistance, P,
¢p =09

P = ¢p P, P, = 8.54 | Kip/strip

Determine number of soil reinforcing strips based on pullout resistance, Np

Tmax1
N — max

P="p N, = 1.48 | strips

p

rr
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E14-2.6.4 Establish Nominal and Factored Long-term Tensile Resistance of Soil
Reinforcement

Compute the factored horizontal stress, oy,

OH = YEvmax (Yr Z+02+q)k,

Surcharge loads

Gy = 0.46 | ksfift

q=010] ksffft

Horizontal stress at Zneg and Zpos

H_neg = YEVmax (Yr Zneg * 52+ d) kr neg OH_neg = 100 | ksfit
— 147 | ksfift

SH_pos = YEVmax (Yr Zpos + 02 + q) Kr pos SH_pos

Horizontal stress at Z

oH = 0.5(0H_pos * OH_neg) oy = 1.08 | ksfit

Compute the maximum tension, T__ ,atZ

Atrib = SVt Wp Atrib =12.50 | ft2

Tmax2 = OH Atrib Trmax2 = 13.55 | kip/strip

E. = thickness of metal reinforcement at end of service life (mil)

E, = nominal thickness of steel reinforcement at construction (mil)

E, = sacrificial thickness of metal lost by corrosion during service life of structure (mil)
b = width of metal reinforcement

Fy = 65 Reinforcing strip yield strength, ksi
¢t =0.75 Tensile resistance (steel strip)
E,=0.16 Reinforcing strip thickness, in
b=1.97 Reinforcing strip width, in

Zinc = 3.4 Galvanized coating, mils
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Compute the design cross-sectional area of the reinforcement after sacrificial thicknesses
have been accounted for during the wall design life per LRFD [11.10.6.4.2a]. The zinc
coating life shall be calculated based on 0.58 mil/yr loss for the first 2 years and 0.16
mil/yr thereafter. After the depletion of the zinc coating, the steel design life is calculated
and used to determine the sacrificial steel thickness after the steel design life. The
sacrificial thickness of steel is based on 0.47 mil/yr/side loss.

Design_Life = Coating_Life + Steel_Design_Life = 75 years
Zinc-2 0.58
0.16

Coating_Life = 2 + [Coating_Life = 16.0 | years

Steel_Design_Life = Design_Life — Coating_Life |SteeI_Design_Life =59 | years

0.47
Eg = | =~ | Steel_Design_Life (2 Eg = 0.055 | .
« = (fago) SteeLvesin L 2 Fs ~ 0055 ],
E. = Ep, - Eg Ec=0.102]

Design_Strip_Area = E; b [Design_Strip_Area = 0.201 | in?

Compute the Factored Tensile Resistance, T,
T = Fy Design_Strip_Area T, = 13.05 | kip/strip
T =0t Tp T, =979 Kip/strip
Determine the number of soil reinforcing strips based on tensile resistance, N,

T

max2 .
N; = N: = 1.38 [strips
t= 7 t P

r

E14-2.6.5 Establish Number of Soil Reinforcing Strips at Z

N. = 1.48 Based on pullout resistance, strips

p
Nt =1.38 Based on tensile resistance, strips

Required number of strip reinforcements for each panel width (round up), Ng
Ng = ceiI(max(Nt,Np)) Ng =2 | strips

Calculate the horizontal spacing of reinforcement, S, , at Z by dividing the panel width by
the required number of strip reinforcements Ng.

Sp = — S, = 2.50 | ft

Note: The typical horizontal reinforcement spacing, S, will be provided at 2.5 ft.

This will also be the maximum allowed spacing while satisfying the maximum spacing
requirement of 2.7 ft. If the wall requires additional reinforcement the vertical

spacing will be maintained and adjustments will be made to the horizontal spacing
accordingly.
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E14-2.7 Summary of Results

E14-2.7.1 Summary of External Stability

Based on the defined project parameters, embedment depth and length of reinforcement
the following external stability checks have been satisfied:

External Check CDR
Sliding 1.00
Eccentricity 1.59
Bearing 1.37

Table E14-2.7-1
Summary of External Stability Computations

E14-2.7.2 Summary of Internal Stability
Computations for the required number of strip reinforcements at each level is presented in
Table E14-2.7-2.

Pullout Rupture
Layer Z OH Tmax1 I:>rr OH Tmax2 Tr Np Nt Ng Sh
1 0.75| 046 | 455 | 586 | 0.53 | 5.34 | 9.79 | 0.78 | 0.54 2 2.50
2 3.25 (064 |805(7.08]|0.72|9.00| 9.79 | 1.14 | 0.92 2 2.50
3 575 0.84 110.47| 7.98 | 0.91 [11.38] 9.79 | 1.31 | 1.16 2 2.50
4 8.25]1.01)1267| 854 | 1.08 [13.55]| 9.79 | 1.48 | 1.38 2 2.50
5 110.75| 1.17 | 14.65| 9.37 | 1.24 |15.49| 9.79 | 1.56 | 1.58 2 2.50
6 |13.25| 1.31 [16.42]10.13| 1.38 |17.22| 9.79 | 1.62 | 1.76 2 2.50
7 |15.75| 1.44 |17.96|10.46( 1.50 | 18.73| 9.79 | 1.72 | 1.91 2 2.50
8 18.25| 1.54 [19.29]10.25| 1.60 | 20.01| 9.79 | 1.88 | 2.04 3 1.67
9 120.75| 1.67 [20.84]10.22| 1.72 | 21.55( 9.79 | 2.04 | 2.20 3 1.67

Table E14-2.7-2
Summary of Internal Stability Computation for Strength | Load Combinations
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E14-2.7.3 Element Facings and Drainage Design

The design of element facings will not be examined in this example, but shall be
considered in the design. This is to be performed by the wall supplier. This includes, but
is not limited to, the structural integrity of the concrete face panels, connections, joint
widths, differential settlements and the design of bearing pads used to prevent or
minimize point loadings or stress concentrations and to accommodate for small vertical
deformations of the panels.

Drainage requirements shall be investigated and detailed accordingly. In this example

drainage requirements are meet by including a wrapped pipe underdrain behind the
retaining wall as shown in Figure E14-2.8-1.

E14-2.8 Final MSE Wall Schematic

/I?l—;TAlNED BACKFILL

(ABOVE AND BEHIND

1or o AL \ THE REINFORCED BACKFIL7

PRECAST CONCRETE — H /
PANEL FACING ™~

REINFORCED E..&CKFILL7

| /

7

20'-6"

ZSOIL REINFORCEMENT

FINISH GROUND —
LINE \ —PIPE UNDERDRAIN
_ ¥ NI | wRAPPED (6-INCH)
|

[+

© 20'-0"

-

i

ZFOUNDATIOI\ SOl

/

Figure E14-2.8-1
MSE Wall Schematic
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E14-3 Modular Block Facing Geogrid Reinforced MSE Wall, LRFD

General

This example shows design calculations for MSE wall with modular block facings
conforming to the LRFD Bridge Design Specifications and the WisDOT Bridge Manual.
(Example is current through LRFD Fifth Edition - 2010)

Sample design calculations for external stability (sliding, eccentricity and bearing) and
internal stability (soil reinforcement stress and pullout) will be presented. The overall
stability, settlement and connection calculations will not be shown in this example, but are
required.

Design steps presented in 14.6.3.3 are used for the wall design.

E14-3.1 Establish Project Requirements

The following MSE wall shall have compacted freely draining soil in the reinforced zone
and will be reinforced with geosynthetic (extensible) strips as shown in Figure E14-3.1-1.
External stability is the designer's (WisDOT/Consultant) responsibility and internal stability
and structural components are the contractors responsibility.

Live Load Surcharge

b4

2 a
2 Topof Wall Retained Backfill
(Above and behind
the reinforced backfill) —,
= YY"/ /7971 ;" ;‘~‘"~F7/¥7//;/7/// /7 ! ¢ » Y c /
2 y i ffF f
T £ / /
= Q’ " i
S P T Reinforced Backfill 7 |
En E 1 -0 ’7 ¢ ] 'Ys C ’.
‘0 3 r r r / H
a 3 i
w
(=)
Q- 1
@ Finish Grade - !
Grade / Limits of Wall for Design
____________________ P A
?? E Leveling Pad /
i Foundation Soil
b,v,¢ 7
fd fd fd

Figure E14-3.1-1
MSE Wall with Broken Backslope & Traffic
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Wall Geometry

He =145 Exposed wall height, ft

H=Hg+15 Design wall height, ft (assume 1.5 ft wall embedment)

B = 26.565 deg Inclination of ground slope behind face of wall (2H:1V)

by =1.25 Front wall batter, in/ft (b,H:12V)

hslope =10.0 Slope height, ft

b
Batter = atan(%] Angle of front face of wall to vertical

[Batter = 5.95deg

Note: Since the wall has less than 10 degrees of batter the
wall can be defined as "near vertical" thus 6 = 90 degrees
and B'=3'=I for a broken backslope

0 = 90 deg Angle of back face of wall to horizontal

h
I = atan[%j Infinite slope angle

B =1 Inclination of ground slope behind face of wall, deg

8 =1 Friction angle between fill and wall, deg
E14-3.2 Design Parameters
Project Parameters

Design_Life = 75 Wall design life, years (min) LRFD [11.5.1]
Soil Properties (From Geotechnical Site Investigation Report)

Designer to determine if long-term or short-term soil strength parameters govern external

stability.
Reinforced Backfill Soil Design Parameters
o, = 30 deg Angle of internal friction LRFD [11.10.5.1] and (14.4.6)
yp = 0.120 Unit of weight, kcf
¢ =0 Cohesion, psf

Retained Backfill Soil Design Parameters
o = 29 deg Angle of internal friction

v¢ = 0.120 Unit of weight, kcf
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ce=0 Cohesion, psf

Foundation Soil Design Parameters

bfq = 31deg Angle of internal friction

Yig = 0.125 Unit of weight, kcf

Ciqg =0 Cohesion, psf

Factored Bearing Resistance of Foundation Soil

gr = 6.5 Factored resistance at the strength limit state, ksf

Note: The factored bearings resistance, qg, was assumed to be given in the Site
Investigation Report. If not provided qg shall be determined by calculating the
nominal bearing resistance, q,,, per LRFD [Eq 10.6.3.1.2a-1] and factored with the
bearing resistance factor,¢,, for MSE walls (i.e., 9z=¢,q,,)-

Precast Concrete Panel Facing Parameters

S, = 1.333 Vertical spacing of reinforcement, ft

Note: vertical spacing should not exceed 2.7 ft without full scale test data
LRFD [11.10.6.2.1]

Soil Reinforcement Design Parameters

Geosynthetic - Geogrids Reinforcing type
Note: Product specific information to be defined during internal stability checks

Live Load Surcharge Parameters

heq =20 Equivalent height of soil for surcharge load, ft
(14.4.54.2)
SUR = heq V¥ Live load soil for surcharge load

SUR = 0.240 | ksf/ft

Resistance Factors

dg = 1.00 Sliding of MSE wall at foundation LRFD [Table
11.5.6-1]

op = 0.65 Bearing resistance LRFD [Table 11.5.6-1]

ot = 0.90 Tensile resistance (geosynthetic reinforcement and
connectors) LRFD [Table 11.5.6-1]

¢p = 0.90 Pullout resistance LRFD [Table 11.5.6-1]
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E14-3.3 Estimate Depth of Embedment and Length of Reinforcement

For this example it is assumed that global stability does not govern the required
length of soil reinforcement.

Embedment Depth, d

Frost-susceptible material is assumed to be not present or that it has been
removed and replaced with nonfrost susceptible material per LRFD [11.10.2.2].
There is also no potential for scour. Therefore, the minimum embedment, d,, shall

be the greater of 1.5 ft (14.6.4) or H/20 LRFD [Table C11.10.2.2-1]

Note: While AASHTO allows the d value of 1.0 ft on level ground, the embedment
depth is limited to 1.5 ft by WisDOT policy as stated in Chapter 14.

H
— =08 ft
20

H
dg = —,1.5 d, = 1.50 | ft
SPWER TRED

Therefore, the initial design wall height assumption was correct.

He = 14.5 ft

H=Hg+15 H=16.00 | ft

Length of Reinforcement, L

In accordance with LRFD [11.10.2.1] the minimum required length of soll
reinforcement shall be the greater of 8 feet or 0.7H. Due to the sloping backfill and
traffic surcharge a longer reinforcement length of 0.9H will be used in this example.
The length of reinforcement will be uniform throughout the entire wall height.

0.9H=144 ft
Luser = 145 ft

L = max(8.0,0.9 H,Lyser) L = 14.50 ] ft
Height of retained fill at the back of the reinforced soil, h

h = H+ L tan(p) h =23.25 | ft

E14-3.4 Permanent and Transient Loads

In this example, load types EV (vertical earth pressure), EH (horizontal earth pressure)
and LS (live load surcharge) will be used as shown in Figure E14-3.4-1. No transient
loads are present in this example. Due to the relatively thin wall thickness the weight and
width of the concrete facing will be ignored. Passive soil resistance will also be ignored.
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E14-3.4.1 Compute Active Earth Pressure

Compute the coefficient of active earth pressure (k) using Coulomb Theory LRFD [Eq

3.11.5.3-1] with the wall backfill material interface friction angle, §, set equal to B (i.e. 5=p)
LRFD [11.10.5.2]. The retained backfill soil will be used (i.e., k,=k )

¢f = 29deg
B'=17.4deg
6 = 90deg
d' = 17.4deg

(o [T

sin(6 - &') sin(6 + B)

sin(e + ¢f)2

k k 0.409

af = af =

T sin(0)? sin(6 - &)
E14-3.4.2 Compute Unfactored Loads

The forces and moments are computed using Figure E14-3.4-1 by their appropriate LRFD
load types LRFD [Tables 3.4.1-1 and 3.4.1-2]

— [
o
s —
c -
- A
I =
A FSUR
"
o
A'/”I
T )
l—
’_’_/
— | — ) d hl' \
—

Figure E14-3.4-1

MSE Wall - External Stability
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Active Earth Force Resultant, (kip/ft), F;

1 2
Fr =5 vih Kaf

Active earth force resultant (EH)

Live Load Surcharge, (kip/ft), Fg g

FSUR = Neq 1 N Kaf

Vertical Loads, (kip/ft), V,

Vi =y HL
1

Vy = 2 L (L tan(B))

V3 = F sin(1)

Live load surcharge resultant (LS)

Soil backfill - reinforced soil (EV)

Soil backfill - backslope (EV)

Active earth force resultant (vertical
component - EH)

Fr=13.3

< < M
N N %)
| Il c
o N 2y
w ~N I

oo N

w

Vy = 4

Moments produced from vertical loads about the center of reinforced soil, (kip-ft/ft) MV,

Moment Arm Moment
dv1 =0 dv1 =0.0 MV1 = V1 dv1
1
dv2 = EL dv2 =24 MV2 = V2 dv2
L
dv3 = E dv3 =7.3 MV3 = V3 dv3

Horizontal Loads, (kip/ft), H;

Hy =F1 cos(I)

H2 FSUR COS(I)

January 2011

Active earth force resultant (horizontal
component - EH)

Live load surcharge resultant (LS)

MV4 = 0.0

MV, = 15.2

MV = 28.7

:

Hy = 12.7
Hy = 2.2
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Moments produced from horizontal loads about the center of reinforced soil, (kip-ft/ft), MH,

Moment Arm Moment
h
d = — dnq4 =77 | MH,s = H4 d MH, = 98.0
h1 3 h1 1 1 ¥h1 1
h
d = — d :11.6| MH5 = Ho d MH, = 25.3
h2 2 h2 2 2 ¥“h2 2

Summary of Unfactored Forces & Moments:

Load Moment Arm Moment LRFD

Value Value Value | Load

ltem Description (kip/ft)| ttem | (ft) | ttem |(kip-f/ft)| TyP®
V; |Soil backiill 2780 d,, | 0.0 | mv, 0.0 EV
V,  [Soil backfill 630 | dp | 24 | Mv, | 152 | BV
V3 |Active earth pressure 4.00 | dy 7.3 | MV; 28.7 EH

Table E14-3.4-1
Unfactored Vertical Forces & Moments

Load Moment Arm Moment LRFD
Value Value Value | Load
ltem Description (kip/ft)| tem | (ft) | ttem |(kip-f/ft)| TyP®

H; |Active earth pressure 12.70 | dpq 7.7 MH;, 98.0 EH
H, |Live Load Surcharge 220 | dy2 | 116 | MH, [ 253 LS

Table E14-3.4-2
Unfactored Horizontal Forces & Moments

E14-3.4.3 Summarize Applicable Load and Resistance Factors

Maximum and minimum load factors shall be used to determine the extreme load effects.
WisDOT's policy is to set all load modifiers to one (n = 1.0). Factored loads and moments

for each limit state are calculated by applying the appropriate load factors LRFD [Tables
3.4.1-1 and 3.4.1-2]. The following load combinations will be used in this example:
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Load Combination Limit State EV LS EH
Strength la (minimum) YEVmin = 1:00  YLsmin =175  YEHmin = 0-90
Strength Ib (maximum) YEVmax = 135 YLSmax = 1-75 YEHmax = 1-50
Service | (max/min) vey = 1.00 vLs = 1.00 YgH = 1.00
Load Combination Yev |Visv|YsH| TYen Application
Strength la 1.00| - 1.75 | 1.50 | Sliding, Eccentricity
Strength Ib 1.35(1.75[1.75|1.50 Bearing, Tax
Service | 1.00({1.00|1.00| 1.00 Pullout (c,)

Table E14-3.4-3
Load Combinations

Load Combination Assumptions:

e Live load surcharge stabilizing loads (if applicable) are ignored for overturning and
sliding analyses. Live load surcharge is used to compute maximum bearing
pressure, wall strength and overall (global) stability.

e Minimum horizontal earth pressure ,yg;min) = 0.9, will not control in this example
based on B/H and lateral load inclination, but should be checked.

e Component load factors shall remain consistent throughout calculations. For

example, the active earth force resultant (F;) can be broken into component
forces of either Vayeymax @Nd Hiver(max) OF VaYer(ming @3N HiYeriminy MO VaYer(min)

and Hﬂ’EH(max).
e T, .« (Pullout)is calculated without live load and T, (Rupture) is calculated with

live load.

The loads discussed and tabulated previously can now be factored by the appropriate
load factors and combined to determine the governing limit states for each design
check.
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E14-3.4.4 Compute Factored Loads and Moments
Unfactored loads by load type (kip/ft)

Vey = Vq+ Vs
VEH = V3
HeH = Hy
His = Ha

Unfactored moments by load type (kip-ft/ft)
MEV = MV1 + MV2

MeH1 = MV3
MgH2 = MH4
MLs2 = MH;

Factored vertical loads by limit state (kip/ft)
V_la = n(1.00Vgy + 1.50 V)

V_lb = n(1.35Vgy + 1.50 V)
V_Ser = n(1.00Vgy + 1.00 Vi)

Factored horizontal loads by limit state (kip/ft)
H_la = n(1.75H_ g + 1.50Hg)

H_Ib

n(1.75H g + 1.50HgR)
H_Ser = n(1.00H g + 1.00Hg)

Factored moments produced by vertical Loads by limit state (kip-ft/ft)
MV_la = n(1.00Mgy + 1.50 Mgy4)

MV_Ib = n(1.35Mgy + 1.50 Mgy4)

MV_Ser = n(1.00Mgy + 1.00 Mg)

Factored moments produced by horizontal loads by limit state (kip-ft/ft)

MH_la

n(1 '75ML82 +1.50 MEH2)

MH_Ib = n(1.75M| g + 1.50 M)

MH_Ser = n(1.00M g + 1.00 M)

January 2011

VEy = 34.1

Ve = 4.0

HEiE

<
m
<
I
o
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Mg = 28.7

Mgpg = 98.0

a =40.1
Ib =52.0

Ser = 38.

la = 22.

_Ib=22.8

MV_la = 58.2
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MV_Ib = 63.6

[MV_Ser = 43.9 |

[MH_la = 191.3 |

[MH_Ib = 191.3 |

[MH_Ser = 123.3 |
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Summary of Factored Forces & Moments:

Vert. Loads | Moments |Horiz. Loads | Moments
\ Mv H MH
Load Combination (kips/ft) | (kip-kip/ft) (Kips/ft) (Kip-kip/ft)
Strength la 401 58.2 22.8 191.3
Strength Ib 52.0 63.6 22.8 191.3
Service | 38.1 43.9 14.8 123.3

Table E14-3.4-4

Summary of Factored Loads & Moments

E14-3.5 Evaluate External Stability of MSE Wall

Three potential external failure mechanisms will be considered in this example (sliding at
the base, limiting eccentricity and bearing resistance). Overall (global) stability

requirements are not included here. Design calculations will be carried out for the
governing limit states only.

E14-3.5.1 Sliding Resistance at Base of MSE Wall
The following calculations are based on Strength la:

Factored Sliding Force
R, = H_la

Sliding Resistance

Ry = 228

kip/ft

To compute the coefficient of sliding friction for continuous reinforcement use the
lesser friction angle of the reinforced back fill, ¢, , or the foundation soil, ¢4, LRFD

[11.10.5.3].
by = min(dr. d1q)

0y = 30de§

Note: Since continuous reinforcement is used, a slip plane may occur at the
reinforcement layer. The sliding friction angle for this case shall use the lesser of
(when applicable) ¢,, ¢4, and p. Where p is the soil-reinforcement interface friction
angle. Without specific data p may equal 2/3 ¢; with ¢; a maximum of 30 degrees.
This check is not made in this example, but is required.

n = tan(o,)
V_la = 40.1
Vnm = 1 V_la

bg = 1.00

RR = ¢s VNm

January 2011

Factored vertical load, kip/ft
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Capacity:Demand Ratio (CDR)
RR
CDRsliding = &~ CDRgjiging = 1:02 |
u
s the CDR > 1.0? lcheck = "OK" |

E14-3.5.2 Limiting Eccentricity at Base of MSE Wall

The location of the resultant of the reaction forces is limited to the middle one-half of the
base width for a soil foundation (i.e., e, = L/4) LRFD [11.6.3.3]. The following

calculations are based on Strength la.

Maximum eccentricity

L ft
€max = Z €max = 3.63

Compute wall eccentricity (distance from Point 'O’ Figure E14-3.4-1)

MR = MV_la Summation of resisting moments for Strength la
Mg = MH_la Summation of overturning moments for Strength la
TV =V la Summation of vertical loads for Strength la

SMg = 58.2 | kip-ft/ft

Mg = 191.3 | kip-ft/ft
3V = 40.1 | kip/ft
EMO — EMR

6= ——— e =332 | ft

Vv

Capacity:Demand Ratio (CDR)

€max

CDREccentricity =

e CDREccentricity =1.09 |

s the CDR > 1.0? lcheck = "OK" |

January 2011 14E3-12



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

E14-3.5.3 Bearing Resistance at base of MSE Wall
The following calculations are based on Strength Ib:
Compute wall eccentricity (distance from Point 'O’ Figure E14-3.4-1)

SMR = MV_Ib Summation of resisting moments for Strength Ib
IMg = MH_Ib Summation of overturning moments for Strength Ib
>V =V_Ib Summation of vertical loads for Strength Ib

SMg = 63.6 | kip-ft/ft

Mg = 191.3 | kip-ft/ft
>V = 52.0 | kip/ft
EMO - EMR

e - —2 R o248

Vv

Compute the ultimate bearing stress
c.y = Ultimate bearing stress

L Bearing length
e Eccentricity (resultant produced by extreme bearing resistance loading)

Note: For the bearing resistance calculations the effective bearing width, B' = L-2e,

is used instead of the actual width. Also, when the eccentricity, e, is negative: B'=L.
The vertical stress is assumed to be uniformly distributed over the effective bearing
width, B', since the wall is supported by a soil foundation LRFD [11.6.3.2].

>V
= = 5.43 | ksf/ft
V=T o, oy =543

Factored bearing resistance

R = 6.50 | ksfift

Capacity:Demand Ratio (CDR)

9R
CDRBearing = CDRBearing = 1:20 |
\
s the CDR > 1.0? lcheck = "OK" |

January 2011 14E3-13
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E14-3.6 Evaluate Internal Stability of MSE Wall

Note: MSE walls are a proprietary wall system and the internal stability
computations shall be performed by the wall supplier.

Internal stability shall be checked for 1) pullout and 2) rupture in accordance with LRFD
[11.10.6]. The factored tensile load, T, .., is calculated twice for internal stability checks

for vertical stress (o) calculations. For pullout T , is determined by excluding live
load surcharge. For rupture T, ., is determined by including live load surcharge. In this
example, the maximum reinforcement loads are calculated using the Simplified Method.

The location of the potential failure surface for a MSE wall with metallic strip or grid
reinforcements (inextensible) is shown in Figure E14-2.6-1.

Zone of maximum stress
or potential failure surface

For vertical face

]
=45+ —
v 2

For walls with a face batter angle (8) 10° or more from the vertical,
wn(y - 8) = —tan(¢ — B) + /tan(¢ — P)ftan(¢ - B) + cot(¢ + 6 — 90)][1 + tan(d + 90 — B)cot($ + 6 — 90)]
‘ 1 + tan(8 + 90 - 0)[tan(¢ — B) + cot(¢ + 6 — 90)]
with 5=
6 = wall batter angle ®)
For wall with a broken backslope, use d=f_

Figure E14-2.6-1
MSE Wall - Internal Stability (Extensible Reinforcement)
FHWA [Figure 4-9]
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E14-3.6.1 Establish the Vertical Layout of Soil Reinforcement

Soil reinforcement layouts are shown in Table E14-3.6-1. They were determined by a
standard block wall unit thickness of 8-in and a maximum vertical reinforcement spacing
of 2.7-ft. The top and bottom level vertical spacing was adjusted to fit the height of the
wall. Computations for determining the maximum tension, T__ , are taken at each level in

the vertical layout.

Layer =3 Layer of reinforcement (from top)
Z =3.333 ft Depth below top of wall, ft
Sy=133 ft Vertical spacing of reinforcement, ft

Calculate the upper and lower tributary depths based on the reinforcement vertical

spacing
SV
Zneg =2~ Zneg = 267 | ft
SV
Zpos =Z+ - Zpos =4.00 | ft

Layer Z (ft) | Zneg (ft) | Zpos (ft)
0.67 0.00 1.33
2.00 1.33 2.67
3.33 2.67 4.00
4.67 4.00 5.33
6.00 5.33 6.67
7.33 6.67 8.00
8.67 8.00 9.33
10.00 9.33 10.67
11.33 | 10.67 | 12.00
12.67 | 12.00 [ 13.33
14.00 | 13.33 | 14.67
15.33 14.67 16.00

Sl2|ale|e|N|o|a|s|w|Nd|=

Table E14-3.6-1
Vertical Layout of Soil Reinforcement
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E14-3.6.2 Compute Horizontal Stress and Maximum Tension, T,ax

Factored horizontal stress

oy =7vp (0K + Acy) LRFD [Eq 11.10.6.2.1-1]

v, = Load factor for vertical earth pressure (ygymay)

k. = Horizontal pressure coefficient

o, = Pressure due to gravity and surcharge for pullout, T, 1 (v, Zip+05)

, = Pressure due to gravity and surcharge for pullout resistance (yer_Po)

o, = Pressure due to gravity and surcharge for rupture, T, ., (v, Zyp, + 02+ Q)
Aoy, = Horizontal pressure due to concentrated horizontal surcharge load

Z = Reinforcement depth for max stress Figure E14-2.6-2

Zp = Depth of soil at reinforcement layer potential failure plane

Z, .ve= Average depth of soil at reinforcement layer in the effective zone

o, = Equivalent uniform stress from backslope (0.5(0.7)Ltanp )y;

g = Surcharge load (q = SUR), ksf
To compute the lateral earth pressure coefficient, k_, a k, multiplier is used to determine
k, for each of the respective vertical tributary spacing depths (Z,,.., Z,.,)- The k, multiplier
is determined using Figure E14-2.6-2. To calculate k, it is assumed that 5= and = 0;

thus, k =tan?(45-¢, /2) LRFD [Eq C11.10.6.2.1-1]

K,/
/):Ka
0
0
n z
£ arrZdREN
£ 20 ft | 8. = 1./)0 THtan g
8 F-----n--- i T T2/
3 i o,=87,
H |
| S, =equivalent uniform
i height of soil
Y :
Y 10 12 Iti = HL N
*Does not apply to polymer stip reinforcement
Figure E14-3.6-2 Figure E14-3.6-3
k/k, Variation with MSE Wall Depth Calculation of Vertical Stress
FHWA [Figure 4-10] FHWA [Figure 4-11]
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Calculate the coefficient of active earth pressure, k,

¢r = 30deg

2
oy
kg = tan(45 deg - > kg = 0.333

The internal lateral earth pressure coefficient, k, for geogrids remains constant
throughout the reinforced soil zone. k_ will be equal to k,(k/k,) = k, at any depth below
the top of wall as shown in figure E14-3.6-2 LRFD [Figure 11.10.6.2.2-3].

ke = kg ke = 0.333

Compute effective (resisting) length, L

7-333 ft
H=16.00 ft
L-145 ft
o
v = 45 deg+?r v = 60.0deg

H-2Z

Ly = tanly) Ly =731]
¢ = max(L-Lg.,3) Lo =719 |

Note: L, shall be greater than or equal to 3 ft LRFD [11.10.6.3.2]

—
I
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E14-3.6.3 Establish Nominal and Factored Pullout Resistance of Soil
Reinforcement

Compute the factored horizontal stress, o, at Z by averaging the upper and lower

tributary values (Z,,, and Z ). Since there is no horizontal stresses from concentrated

dead loads values Aoy, is set to zero.

OH = YEVmax (Yr ZtribT02)Kr

Surcharge loads

62 = % 0.7 H tan(p) v¢ 5o = 0.336 | ksf/ft
Horizontal stress at Z, ., and Z,

SH_neg = YEVmax (Yr Zneg + 02) Ky SH neg = 0.295 | ksf/ft

OH pos = YTEVmax (Yr Zpos +0 2) Ke SH_pos = 0.367 | ksf/ft

Horizontal stress at Z

oH = 0.5(0H_pos * OH_neg) op = 0.331 | ksf/ft

Compute the maximum tension, T atZ
S, =133 fit

Tmax] = OH Sy 1000. Tmax] = 441 | plf

Compute effective vertical stress for pullout resistance, o,

max 1’

Z, po =2+05 tan(p) (La+ L) Z, po-88] ft

vEy = 1.00 Unfactored vertical stress for pullout resistance LRFD [11.10.6.3.2]

oy = YEV ¥r Zp_PO 1000 o, = 1054 psf

Compute pullout resistance factor, F*

Pullout resistance factor, F*, for extensible geosynthetic reinforcement remains constant
throughout the reinforced soil for determining the internal lateral earth pressure. Since no
product-specific pullout test data is provided at the time of design F* and the scale effect
correction factor,a, default values will be used per LRFD [Figure 11.10.6.3.2-1 and
Table 11.10.6.3.2-1].

Use default values for F' and o since product-specific pullout test data has not been
provided.

F' = 0.67 tan(¢r> Pullout Friction Factor (Geogrids F*= 0.67tan¢', Default value)

LRFD [Figure 11.10.6.3.2-1]
F' = 0.387
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Compute nominal pullout resistance, P,

o =0.8 Scale effect correction factor
(geogrids o = 0.8 default value) LRFD [Table 11.10.6.3.2-1]
C=2 Overall reinforcement surface area geometry factor
(geogrids C=2.0 ) LRFD [11.10.6.3.2]
Re =1 Reinforcement coverage ratio

(continuous reinforcement R, = 1.0 ) LRFD [11.10.6.4]

P, = Fao,CR.Lg P, = 4690 | pIf

Compute factored pullout resistance, P,
¢p =109

Prr = dp Pr Py =4221] pif

E14-3.6.4 Establish Nominal and Factored Long-term Tensile Resistance of Soil
Reinforcement

Compute the factored horizontal stress, oy,

OH = YEvmax (Yr Z+02+q)k,

Surcharge loads

op = 034 | ksflt

q=024] ksflt

Horizontal stress at Zneg and Zpos

OH_neg = YEVmax (Yr Znegt o2+ q) Ky OH_neg = 040 | ksflit

OH _pos = YTEVmax (Yr Zpos +G69 + CI> ke OH_pos = 0.48 ksf/ft

Horizontal stress at Z

OH = 0.5(GH_pOS+ GH_neg) OH = 0.44 | ksf/ft

atzZ

Compute the maximum tension, T
Sy =133 ft

Tmax2 = oH Sy 1000 Tmaxo — 585 | pIf

max2’
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T=0To=¢T /RF

T. = Factored soil reinforcement tensile resistance
¢ = Resistance factor

T, = Nominal geosynthetic reinforcement strength
T, = Ultimate tensile strength

RF.g = Creep reduction factor

RF, = Durability reduction factor

RF 5 = Installation damage reduction factor
RF = Reduction factor (RF-g x RFyx RF )

The following calculation for determining the nominal long-term reinforcement tensile
strength uses values similar to proprietary product specific data. In any application RF

nor RF shall not be less than 1.1. A single default reduction factor, RF, of 7 may be

used for permanent applications if meeting the requirements listed in LRFD [11.10.6.4.2b
and Table 11.10.6.4.2b-1,Table 11.10.6.4.2b-1]

Geogrid Type
#1 #2 #3
Tyt (pIf)| 2500 5000 7500
RFcr| 2.00 2.00 2.00
RFp| 1.15 1.15 1.15
RFp| 1.35 1.35 1.35

Table E14-3.6-2
Geogrid Resistance Properties

Grade =1
Tyt = 2500 plf
RFcR = 2.00
RFp = 1.15
RFp = 1.35
RF = RFcr RFp RF|p RF = 3.11
T

ult
Tal = RF Tg = 805 plf
T =6t Ty T, =725 plf
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E14-3.6.5 Establish Grade of Soil Reinforcing Elements at Each Level
Based on Pullout Resistance

Prr

CDRpullout = T . CDRyuliout = 956 |
max1

s the CDR > 1.0? lcheck = "OK" |

Based on Tensile Resistance

Tr

CDRiensile = T CDRiensile = 1.24 |
max2

s the CDR > 1.0? lcheck = "OK" |

Note: If the wall requires additional reinforcement the vertical spacing will be maintained
and adjustments will be made to the grade (strength) for each layer accordingly.

E14-3.7 Summary of Results
E14-3.7.1 Summary of External Stability

Based on the defined project parameters, embedment depth and length of reinforcement
the following external stability checks have been satisfied:

External Check CDR
Sliding 1.02
Eccentricity 1.09
Bearing 1.20

Table E14-3.7-1
Summary of External Stability Computations
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E14-3.7.2 Summary of Internal Stability

Computations for the grades of geogrid reinforcements at each level is presented in Table
E14-3.7-2.

Pullout Rupture
Level Z 04 Tmaxt Pr |Grade oy Thaxe Tr |CDR, CDR;

1 0.67 | 187 | 250 | 2455 | #1 205 | 394 [ 725 [ 9.84 | 1.84
2 2.00 | 259 | 346 | 3280 | #1 367 | 490 | 725 [ 9.49 | 1.48
3 3.33 | 331 | 442 | 4221 | # 439 | 586 | 725 | 9.56 | 1.24
4 | 467 | 403 | 538 | 5280 | #1 511 | 682 [ 725 [ 9.82 | 1.06
5 6.00 | 475 | 634 | 6456 | #2 | 583 | 778 | 1449|10.19| 1.86
6 733 | 547 | 730 | 7750 | #2 | 655 | 874 | 1449 ]10.62| 1.66
7 867 | 619 | 826 | 9161 | #2 | 727 | 970 | 1449 | 11.10| 1.49
8 ]10.00| 691 | 922 |10690| #2 | 799 | 1066 | 1449 |11.60| 1.36
9 |[11.33]| 763 | 1018 |12336| #2 | 871 | 1162 [ 1449 [12.12| 1.25
10 [12.67| 835 | 1114 |[14099| #2 | 943 | 1258 [ 1449 [12.66 | 1.15
11 |14.00| 907 | 1210 |15980| #2 | 1015 | 1354 | 1449 | 13.21| 1.07
12 [15.33| 979 | 1306 |17978| #3 | 1087 | 1450 [ 2174 [ 13.77 | 1.50

Table E14-3.7.2
Summary of Internal Stability Computations for Strength | Load Combinations

E14-3.8 Final MSE Wall Schematic

FACING

\
\
\
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4
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S ‘ < REINFORCED BACKFILL —
.

L oI REINFORCEMENT

~PIPE_UNDERDRAIN
L WRAPPED (6-INC

f..\l-'-ﬁ-__ (6

Figure E14-3.8-1
MSE Wall Schematic
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E14-4 Cast-In-Place Concrete Cantilever Wall on Piles, LRFD

General

This example shows design calculations for a cast-in-place (CIP) concrete wall supported
on piles conforming to the LRFD Bridge Design Specifications and the WisDOT Bridge
Manual. (Example is current through LRFD Fifth Edition - 2010)

Sample design calculations for pile capacities and wall strength design will be presented.
The overall stability and settlement calculations will not be shown in this example, but are

required.

Design steps presented in 14.5.2.1 are used for the wall design.

E14-4.1 Establish Project Requirements

The CIP concrete wall shown in Figure E14-6.1-1 will be designed appropriately to
accommodate a horizontal backslope. External stability, overall stability and wall strength
are the designer's (WisDOT/Consultant) responsibility.

/
/
/

/
/

Top of Wall -
NNV
E, Front Face
©  CIP Concrete Vi
£ T wal N
()] = = /
‘© Q g
I e .
= Q 3 Retained Backfill
= 3 ¢ »Y,C /
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i) 3 /
/)] -
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<l W)A\V/W/)ﬁ
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£
=
¥ i B | -
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A oy 4 __,-’
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¢ , Y, C
fd fd fd /
/
Figure E14-4.1-1
CIP Concrete Wall on Piles
January 2011
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E14-4.2 Design Parameters
Project Parameters
Design_Life = 75 years Wall design life (min) LRFD [11.5.1]
Soil Properties (From Geotechnical Site Investigation Report)

Designer to determine if long-term or short-term soil strength parameters govern external

stability.
Backfill Soil Design Parameters
o = 32 deg Angle of internal friction
v¢ = 0.120 Unit weight, kcf
c =0 Cohesion, pcf
5 = 17 deg Friction angle between fill and wall

Note: Per WisDOT Bridge Manual and Standard Specifications,
structural backfill shall be granular and non-expansive.

¢;= 32 degrees is used for this example, however ¢,=30 degrees is the
maximum that should be used without testing.

Foundation Soil Design Parameters

bfg = 29 deg Angle of internal friction
Yig = 0.110 Unit of weight, kcf
Cig = O Cohesion, psf

Reinforced Concrete Parameters

f'C =35 Concrete compressive design strength, ksi (14.5.9)
¢ = 0.150 W = 7 Unit weight of concrete, ksf

15 _ .
Ec = 33000 w, \/Tc Modulus of elasticity of concrete, ksi LRFD [5.4.2.4]
E. = 3587 ksi
fy =60 Yield strength of reinforcing bars, ksi (14.5.9)
Es = 29000 Modulus of elasticity of reinforcing bars, ksi
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Live Load Surcharge Parameters

Live load surcharge shall be used when vehicular load is located within H/2 of the
backface of the wall LRFD [3.11.6.4]. The equivalent height of soil for vehicular load, Heq,

used for surcharge loads shall be in accordance to LRFD [Table 3.11.6.4-2]. However,
WisDOT policy for most cases requires an equivalent height of 2.0 feet. The following
procedure is used for determining live load surcharge:

Liraffic = 100.00 Distance from wall backface to edge of traffic, ft
H_ 12.00 Distance from wall backface where live load
2 T surcharge shall be considered in the wall design, ft

Note: The wall height used is the exposed height plus an
assumed 4 feet embedment (H=H_+4 feet).

Shall live load surcharge be included? [check = "NO" |
heq =0.833 Equivalent height of soil for surcharge load, ft
(14.4.5.4.2)

WisDOT Policy: Wall with live load from traffic use 2.0 feet (240 psf)
and walls without traffic use 0.833 feet (100 psf)

E14-4.3 Define Wall Geometry
Wall Geometry

He = 20.00 Exposed wall height, ft

Ds = 4.00 Footing cover, ft (WisDOT policy 4'-0" minimum)

H = Hg + Df Design wall height, ft

Ty =1.00 Stem thickness at top of wall, ft

by = 0.25 Front wall batter, in/ft (b,H:12V)

b, = 0.50 Back wall batter, in/ft (b,H:12V)

B = 0.00deg Inclination of ground slope behind face of wall, deg (horizontal)
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Figure E14-4.3-1
CIP Concrete Wall Geometry

Preliminary Wall Dimensioning

Selecting the most optimal wall configuration is an iterative process and depends on site
conditions, cost considerations, wall geometry and aesthetics. For this example, the
iterative process has been completed and the final wall dimensions are used for design

checks.
H=24.0 Design wall height, ft
B =12.00 Footing base width, ft (2/5H to 3/5H)
A =475 Toe projection, ft (H/8 to H/5)
D =250 Footing thickness, ft (H/8 to H/5)

WisDOT policy: H<10-0" D,,,=1'-6"
H>10-0" D,,;,=2-0"
On Piles D,;,=2'-0"
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Other Wall Dimensioning

hh=H-D Stem height, ft h'=21.5

T1=bg L Stem front batter width, ft T1=0.448
12

To=by L Stem back batter width, ft T, = 0.896
12

Th=T1+T+ Ty Stem thickness at bottom of wall, ft Ty =2.34

C=B-A-Ty Heel projection, ft C-4091

0= atan[?} Angle of back face of wall to horizontal 0 = 87.6deg

2
b =12 Concrete strip width for design, in
h=H+ (Tz + C) tan(p) Retained soil height, ft h = 24.0

Pile Dimensioning

ypl =1.25 Distance from Point 'O' to centerline pile row 1, ft

PS1 = 2.75 Distance from centerline pile row 1 to centerline pile row 2, ft
PS2 = 3.00 Distance from centerline pile row 2 to centerline pile row 3, ft
P, =8.00 Spacing between piles in row 1, ft

P, = 8.00 Spacing between piles in row 2, ft

P3 = 8.00 Spacing between piles in row 3, ft

Pile Parameters (From Geotechnical Site Investigation Report, assuming HP12x53)

Pile_Axial = 220 Pile axial capacity (factored), kips

pile_batter = 4 Pile batter (pile_batterV:1H)

Hpp = 11 Pile row 1 lateral capacity (factored), kips*

Hpp = 11 Pile row 2 lateral capacity (factored), kips*

Hiz = 14 Pile row 3 lateral capacity (factored), kips*

Byy = 12.05 Pile flange width (normal to wall alignment) dimension, in
Byy = 11.78 Pile depth (perpendicular to wall alignment) dimension, in

* Based on LPILE or Broms' Method ¢=1.0

January 2011 14E4-6
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El14-4.4 Permanent and Transient Loads

In this example, load types DC (dead load components), EV (vertical earth pressure), EH
(horizontal earth pressure) and LS (live load surcharge) will be used. Passive resistance
of the footing will be ignored.

E14-4.4.1 Compute Active Earth Pressure Coefficient

Compute the coefficient of active earth pressure using Coulomb Theory
LRFD [Eq 3.11.5.3-1]

¢ = 32.0deg

B = 0.0deg
6 = 87.6deg
6 =17.0deg

sin(e + ¢f)2

r sin(e)2 sin(e - 6)

k

a:

2

. (1 IR

sin(e - 8) sin(e + [3)

sin(e + ¢f)2

k. = ky, = 0.294
a > a :’

r sin(e) sin(e - 6)

January 2011 14E4-8
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E14-4.4.2 Compute Pile Group Properties
Compute the distance from Point 'O’ to the pile row centerlines

Yp1 =1.25 yp1 =125| ft
Yp2 =Yp1 +PS1 Yp2 =4.00 | ft
Yp3 = Yp1 + PSL+ PS2 Ypg = 7:00 | ft
Compute the effective number of piles in each pile row and overall
NPy = Pil if Py >0 NPy =0.13 | piles/ft
0 otherwise
NP, = Piz if Py>0 NP, = 0.13 | piles/ft
0 otherwise
NP3 = Pi?) if P3>0 NP3 = 0.13 | piles/ft
0 otherwise
NP = NP + NP, + NP3 piles/ft
Compute the centroid of the pile group
W i yple:Pz 3 e o ft
0 otherwise
Compute the distance from the centroid to the pile row
dp1 =YY - Yp1 dpp =283 ft
dp2 =YY = ¥p2 dpp = 0.08 ft
Gp3 =YY~ Yp3 dp3 = 292 |

Compute the section modulus for each of the pile rows

2 2 2

Sxxq = Sxxq = 0.73
dpl
2 2 2
SXXo = Sxxo = 24.81
dp2
2 2 2
SxXg = Sxxg =-0.71
dp3

January 2011 14E4-9
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E14-4.4.3 Compute Unfactored Loads

The forces and moments are computed by using Figures E14-1.3-1 and E14-1.3-3 and by
their respective load types LRFD [Tables 3.4.1-1 and 3.4.1-2]

dy,
—
Vio
V.
A 9 =
‘VZ‘ V] —% (90-0)+8 "
7
I 1
F
V } l } V, ) sur - I:sur
N e —
|| V;H1 /
|
B 1 FT =
% | L. H,
4T v, -
V1
/ [ | "
Y dh‘T
Point 'O Y, h keff hequkeff
Figure E14-4.4-1
CIP Concrete Wall - External Stability
Active Earth Force Resultant (kip/ft), F
1 2 .
Fr = > v h” ky Active earth force resultant (EH) Fr=10.17
Live Load Surcharge Load (kip/ft), F,
Fsur = 7t Neq h ka Live load surcharge Fgur = 0.71
resultant (LS)
Vertical Loads (kip/ft), V;
1
Vq = > Ty hye Wall stem front batter (DC) Vq =0.72
Vo = Ty h'yg Wall stem (DC) Vo = 3.23
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Vg = %TZ h'ye Wall stem back batter (DC) Vg =1.44
V4 =DBy. Wall footing (DC) V4 = 4.50
Vg = A (Df — D) viq Soil backfill - toe (EV) Vg = 0.78
V7 = Ch'y¢ Soil backfill - heel (EV) V7 = 12.66
Vg = % Tohy;  Soil backiill - batter (EV) Vg = 1.16

Vg = % (T2+C)[(T2 +C) tan(p)] v

Soil backfill - backslope (EV) Vg = 0.00
Vg = heq (T2 + c) ¥f
Live load surcharge (LS) V10 = 0.58

Vqq = Fr sin[(90 deg - 6) + §]

Active earth force resultant Vi1 = 3.38
(vertical component - EH)

Moments produced from vertical loads about Point 'O’ (kip-ft/ft), MV,

Moment Arm (ft) Moment (kip-ft/ft)
2
dVl = A+ 5 Tl dVl =50 le = Vl dVl le =3.6

T

t
dVZ = A+ Tl + ? dVZ =57 MV2 = V2 dVZ MV2 =18.4

T2
dV3 = A+ Tl + Tt + ? v3 = 6.5 MV3 = V3 dV3 MV3 =94

B
dyg = 5 dys = 6.0 MVg = Vgdyy  [MV4=270
dyg = 2.4 MVg = Vg dyg  [MVg = 1.9

ERERR

N>

January 2011 14E4-11
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C
dy7 =B-—
V7 2
2To
dyg :A+T1+Tt+T

2(Ta+C)

dyg = A+Tq +Ti+ 3

(ZJF]
B -
2

B

dv10

dy11

Horizontal Loads (kip/ft), H;

Fr cos[(90 deg - 6) + 8]

Moment Arm (ft)

Fsur cos[(90 deg - 6) + 8]

dy7 = 9.5 MV = V7 dy7
dyg = 6.8 MVg = Vg dyg
dyg = 10.1 | MVg = Vg dyg

MVi0 = V10 dvi0

MVi1 = Vi1 dy1g

Live load surcharge (LS)

Active earth force
(horizontal component) (EH)

MV = 120.8

MVg = 7.9
MVg = 0.0

MVyg = 5.3
MVqq = 40.5

Hy = 0.67

Hy = 9.59

Moments produced from horizontal loads about about Point 'O’ (kip-ft/ft), MH,

Moment (kip-ft/ft)

h
dpy = = dpp = 12.0 MH; = Hj d
h1 =7 hi | 1 =Hpdp
h
dh2 = 5 dpo = 8.0 MH, = Hy dpo

January 2011

MH; = 8.0

| b

MH, = 76.8
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Summary of Unfactored Forces & Moments:

Load Moment Arm Moment LRFD

ltem Description Vglue ltem Value ltem \/alue #oad

(kip/ft) (ft) (kip-ft/ft)| ' YP€
V; [Wall stem front batter 0.72 | dn 5.0 MV, 3.6 DC
V, |Wall stem 3.23 | dy 5.7 MV, 18.4 DC
V5 [Wall stem back batter 144 | dys 6.5 MV3 9.4 DC
V, |Wall footing 450 | dy 6.0 | MV, 27.0 DC
Vs |Soil backfill - Toe 0.78 | dys 24 | MV 19 EV
V; |Soil backfill - Heel 12.66 | d; 95 | Mv; | 1208 | EV
Vg |Soil backfill - Batter 1.16 | dys 6.8 MVg 7.9 EV
Vo |Soil backfill - Backslope | 0.00 | dyg 10.1 | MVq 0.0 EV
V1o |Live load surcharge 0.58 | dyio 9.1 | MVqo 53 LS
Vi, |Active earth pressure 338 | dy1 | 12.0 | MVy; | 405 EH

Table E14-4.4-1
Unfactored Vertical Forces & Moments

Load Moment Arm Moment LRFD
ltem Description Vglue ltem Value ltem \_/alue -I|_-0ad
(kip/ft) (ft) (kip-ft/ft) | 'YP€
H; [Live load surcharge 0.67 | dn 12.0 | MH; 8.0 LS
H, |Active earth force 9.59 | dp 8.0 MH, 76.8 EH

Table E14-4.4-2
Unfactored Horizontal Forces & Moments
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E14-4.4.4 Summarize Applicable Load and Resistance Factors

Maximum and minimum load factors shall be used to determine the extreme load effects.
WisDOT's policy is to set all the load modifiers to zero(n = 1.0). Factored loads and

moments for each limit state are calculated by applying the appropriate load factors LRFD
[Tables 3.4.1-1 and 3.4.1-2]. The following load combinations will be used in this example:

Load Combination Yoo TEw fLls v | YLs.H TEH Application
Strength la 0.90 1.00 - 1.75 1.50 Sliding, Eccentricity
Strength Ib 1.25 1.35 1.75 1.75 1.50 Bearing, Wall Strength

Service | 1.00 1.00 1.00 1.00 1.00 Wall Crack Control

Table E14-4.4-3
Load Combinations

Load Combination Assumptions:

e Live load surcharge stabilizing loads (if applicable) are ignored for overturning and
sliding analyses. Live load surcharge is used to compute maximum bearing
pressure, wall strength and overall (global) stability.

e Minimum horizontal earth pressure ,ygy i, = 0.9, will not control in this example
based on B/H and lateral load inclination, but should be checked.

e Component load factors shall remain consistent throughout calculations. For
example, the active earth force resultant (F;) can be broken into component

forces of either V,gvgmax @Nd HaVermax O VaaYerming @M HaYermin), NOt
VlOYEH(min) and HZYEH(maX).
The loads discussed and tabulated previously can now be factored by the appropriate

load factors and combined to determine the governing limit states for each design
check.
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E14-4.4.5 Compute Factored Loads and Moments
Unfactored loads by load type (kip/ft)

VDC =V1+V2+V3+V4

Vpc = 9.9
VEVZV6+V7+V8+V9 VEV:l46
Vis = V1o Vi g=0.6
VEH = V11 :’

VEy = 3.4
His = Hy H g =07
Hen = Ho Hgp = 9.6

Unfactored moments by load type (kip-ft/ft)
MDC = le + MV2 + MV3 + MV4

<
o
@]
I
a1
@
D

MEV = MV6 + MV7 + MV8 + MV9

<
m
<
1
[EEN
w
o
»

Mis1 = MVyg M sy =53

MgH1 = MV MEpy = 405 |

Mis2 = MH; Mi g2 =80
Factored vertical loads by limit state (kip/ft)

V_la = n(0.90Vpc + 1.00VEy + 0.00 V| g + 1.50 V)

V_lb = n(1.25Vpc + 1.35Vgy + 1.75 V| g + 1.50 Vi)

V_Ser = n(1.00Vpc + 1.00Vgy + 1.00 V| g + 1.00 Vgy) V_Ser = 28.4
Factored horizontal loads by limit state (kip/ft)

H_la = n(L1.75H| g + 1.50Hgy) TRPE

H_Ib = n(L1.75H| g + 1.50Hg)

II II
ol 1=
ol |5
I =
= a1
o| |o
w

H_Ser = n(1.00H g + 1.00Hg)
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Factored moments produced by vertical Loads by limit state (kip-ft/ft)
MV_la = n(0.90Mpc + 1.00Mgy, + 0.00M| g1 + 1.50 Mgyq)

[MV_la = 243.9 |

MV_Ib = n(1.25Mpc + 1.35Mgy + 1.75M g1 + 1.50 Mgyyg)  [MV_Ib = 319.3 |

MV_Ser = n(1.00Mpc + 1.00Mgy + 1.00M| g7 + 1.00 Mgyy;)  [MV_Ser = 234.8 |

Factored moments produced by horizontal loads by limit state (kip-ft/ft)

MH_la = n(1.75M| g + 1.50 Mgyp) IMH_la = 129.1 |
MH_Ib = n(1.75M| g + 1.50 Mgyp) IMH_Ib = 129.1 |
MH_Ser = n(1.00M g + 1.00 M) [MH_Ser = 84.8 |
Vert. Loads | Moments |Horiz. Loads [ Moments
Load Combination \ MV H MH
(kips/ft) | (kip-kip/ft) | (kips/ft) | (kip-kip/ft)
Strength la 28.6 243.9 15.6 129.1
Strength Ib 38.2 319.3 15.6 129.1
Service | 28.4 234.8 10.3 84.8

Table E14-4.4-4

Summary of Factored Loads & Moments

January 2011
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E14-4.5 Evaluate Pile Reactions
Calculated loads for each limit state:

Vertical Load, kip/ft

Strength la Strength Ib Service
|V la=2856| |[V.Ib=38.15| [V_Ser=2845 |
[H la=1556 | [H_Ib=1556| [H_Ser=10.26 |

Horizontal Load, kip/ft

[MV_la = 243.90 | [MV_Ib = 319.27 | [MV_Ser = 234.76 | Moments (Vertical) kip-ft/ft

[MH_la = 129.13 | [MH_Ib = 129.13 | [MH_Ser = 84.75 | Moments (Horizontal), kip-ft/ft

Compute the eccentricity about Point 'O’

MH_la - MV _la

e =
toe la V. la
. ~ MH_lb-MV_Ib
toe Ib = V_Ib
MH_Ser — MV_Ser
€toe_Ser =

V_Ser

Strength la

Strength Ib

Service

€toe la = —4:02 | ft

etoe_|b = 498 | ft

Compute the eccentricity about the neutral axis of the pile group

ENA la =YY * €toe_la
ENA Ib =YY T €t0e_Ib

ENA_Ser = YY * €toe_Ser

Strength la

Strength Ib

Service

€oe_Ser = —>-27 ft
eNA_|a =0.07 | ft
eNA_|b =-0.90 | ft

enA_ser = ~1.19 | Tt

Compute the moment about the neutral axis of the pile group

MNA J1a = V_la ena ja
MNnA 1b = V_Ib ena b

MNA_ser = V_Ser ena_ser

January 2011

Strength la

Strength Ib

Service

MNA_Ia =19 | kip-ft/ft

MNA b = —34.4 | kip-ft/ft

MNA ser = ~33.9 | kip-fuft
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Compute the pile reactions for each limit state
Strength la
b _Vla MNA Ia
Ula = “\p Sxxq
b _Vla MNA Ia
U2a = “\p SxXo
b _Vla MNA Ia
U3a = "\p Sxxg
Strength Ib
b _ Vb MNA b
Ulb = NP Sxxq
b _ Vb MNA Ib
U2b = NP SxXo
b _ Vb MNA Ib
U3b NP Sxxg
Service
b _ Vser MNA_Ser
Ul_Ser — NP Sxxq
b _ Vser MNA_Ser
U2_Ser — NP SxXo
b _ Vser MNA_ser
U3_Ser — NP Sxxg

January 2011

Puia = 78.7 kip/pile
PU2g = 76.2 kip/pile
Puza = 735 kip/pile

Puip = 54.6 | kip/pile

Pyop = 100.4 | kip/pile

Pysp = 150.2 | kip/pile

PU1_ser= 295 | kip/pile

Pu2 ser= 745 | kip/pile

Row 1 Row 2 Row 3

Load Combination (kip/pile) | (kip/pile) (kip/pile)
Strength la 78.7 76.2 73.5
Strength Ib 54.6 100.4 150.2
Service | 29.5 74.5 123.6

Table E14-4.5-1

Summary of Factored Pile Reactions (Vertical)

PU3_ser = 1236 | kip/pile
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E14-4.6 Evaluate External Stability of Wall

Three potential external failure mechanisms will be considered in this example. These
failures include pile bearing resistance, limiting eccentricity and lateral resistance. Global
(overall) stability requirements are assumed to have been satisfied in prior calculations.
Design calculations will be carried out for the governing limit states only.

E14-4.6.1 Pile Bearing Resistance
Axial and lateral pile capacities from Geotechnical Site Investigation Report:

Pile_Axial = 220 Pile axial capacity, kips

pile_batter = 4 Pile batter (pile_batter V:1H)

Hq = 11.00 Battered pile row 1 lateral capacity, kips/pile
Hyo = 11.00 Battered pile row 2 lateral capacity, kips/pile
H,3 = 14.00 Vertical pile row 3 lateral capacity, kips/pile

Determine the horizontal and vertical components of the battered pile

ile_angle = atan| ——— ile_angle = 14.0de
prie_and (pile_batter) |p =ang d
PRb_H = Pile_Axial sin(pile_angle) PRb_H =53.4 | kips/pile
PRb_V = Pile_Axial cos(pile_angle) PRb_V =213.4 | kips/pile

Calculate axial capacity of battered piles

PR = Prp_v PR = 2134 kips/pile

PU = max(PUla,PUZa, PUlb’ Puzb) PU = 1004 klpS/pIIe
PR
CDRgq B_pile = = CDRgrq_B_pile = 2-13 |
u
s the CDR > 1.0? lcheck = "OK" |

Calculate axial capacity of vertical piles

PR = Pile_Axial PR = 220.0
Py = max(Pyza. Pusp) P, = 150.2
PR
CDRBrg_v_Pile = 5 CDRgyg v pile = 146 |
u
s the CDR > 1.0? lcheck = "OK" |
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E14-4.6.2 Pile Sliding Resistance

For sliding failure, the horizontal force effects, H ,, is checked against the sliding

resistance, Hg, where Hz=¢H LRFD [10.6.3.4]. The following calculations are based on
Strength la:

Factored Lateral Force, H,

H, = H_la H, = 15.6 | kip/ft

Sliding Resistance, Hy

It is assumed that the P-y method was used for the pile analysis (LPILE), thus group
effects shall be considered. Calculate sliding capacity of the effective pile group per
LRFD [Table-10.7.2.4-1]:

Byy =11.78 Depth of pile, in
Polvpsz =5.86 Say:5B

Byy

12

Note: It was assumed that pile row 1 and 3 are aligned throughout
the pile group and that pile row 2 will not effect the lateral pile group
resistance. Pile row 1 and 3 will then be applied row 1 and 2 "5B"
multipliers, respectfully.

"5B" Pile multipliers

rowl = 1.00
row2 = 1.00
row3 = 0.80

Lateral group resistance

HRl = rowl Hl’l NPl + row2 HI’Z NPZ + row3 Hr3 NP3 HRl =415 k'p/ft

Batter resistance

Hr2 = Prp_H (NP1 + NPy) Hgo = 13.34 | kip/ft

Compute factored resistance against failure by sliding, R,

Capacity:Demand Ratio (CDR)

HR
CDRSliding “H CDRSliding =112 |
u
s the CDR > 1.0? lcheck = "OK" |
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E14-4.7 Evaluate Wall Structural Design
Note: CIP concrete walls are a non-proprietary wall system and the structural
design computations shall be performed by the wall designer.

Wall structural design computations for shear and flexure will be considered in this
example. Crack control and temperature and shrinkage considerations will also be
included.

E14-4.7.1 Evaluate Wall Footing
E14-4.7.1.1 Evalute One-Way Shear
Design for one-way shear in only the transverse direction.

Compute the effective shear depth,d,, for the heel.

cover = 2.0 in
s=9.0 in (bar spacing)
Barng = 7 (transverse bar size)

Barp = 0.500 in (transverse bar diameter)

Barp = 0.600 in2 (transverse bar area)

BarA
A = .
s_heel s As_heel =0.80 in2/ft
12
BarD

dg peel = D 12 — cover — > dg nheel = 278 in

A heel f
a_heel >_Nee y a heel=13 ] in

0.85f.b

a_heel .

dy1 = ds heel > dyg =271 | in
dVZ =0.9 dS heel dVZ =250 in
dy3 = 072D 12 dy3 =216 | in
dy heel = max(dvl’dvz’dv3) dy heel =27.1 | in
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Compute the effective shear depth,d,, for the toe

cover = 6.0 in
s=9.0 in (bar spacing)
Barng = 7 (transverse bar size)

Barp = 0.88 in (transverse bar diameter)

Barp = 0.60 in2 (transverse bar area)

BarA -
As_toe T As_toe =0.80 | in2/ft

12

BarD
ds_toe = D 12 - cover — ds_toe = 23.6 in
A f

a_toe = ——o Y in
- 085f.b =

a_toe
d, =d -— dyq =229 | in
vl s_toe 2 vl
dV2 =0.9 ds_toe dV2 =212 in

dy_toe = max(dvl,dvz) dy toe =229 | in

Determine the distance from Point 'O’ to the critical sections:

y_crit_toe = A 12— dy tge ly_crit toe =34.1 | in

y_crit_heel = B 12— C 12 + dy pegl ly_crit_heel = 112.2 | in

Determine the distance from Point 'O’ to the pile limits:

B
Yy i
Yv1_neg = Yp1 12 - 5 Yv1 _neg = 9.1 | in
B
Yy i
Yv1_pos = Yp1 12+ == Yv1_pos = 20-9 | n
B
Yy i
yv2_neg = Yp2 12 - T yv2_neg =421 | in

January 2011 14E4-22



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual

Chapter 14 — Retaining Walls

Yo

B
vy
Yv2_pos = Yp2 12+ >

B
vy
Yv3 neg = Yp3 12 - >

B
vy
Yv3 pos = Yp3 12+ >

ONE-WAY

SHEAR ~

W WA
WO-WAY e

SHEAR e

Yv2_pos = 239 in
Yv3 neg = 781 in
Yv3_pos = 899 in

B/ 2+0/2

1.’ Fall

-

i
2

B, /2+0/2

Figure E14-4.7-1

Partial Footing Plan for Critical Shear Sections

Determine if the pile rows are "Outside", "On", or "Inside" the critical sections

Since the pile row 1 falls "Outside" the critical sections, the full row pile reaction will

be used for shear
Py1 = max(Py1a.Py1p)

Vu_pile1 = 1.0 (Py1 NPq)

Since the pile row 2 and 3 falls "Inside" the critical sections, none of the row pile

reactions will be used for shear

January 2011
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The load applied to the critical section is based on the proportion of the piles located
outside of the critical toe or heel section. In this case, pile row 1 falls outside the toe
critical section and the full row pile reaction will be used for shear.

Vu = Vu_pile1 V, = 9.8 kip/ft

Nominal shear resistance, V,,, is taken as the lesser of V_, and V,, LRFD [5.8.3.3]
Vi =V, LRFD [Eq 5.8.3.3-1]
where: V_= 0.0316 B,/f'. by, dy

V,=025f_b,d LRFD [Eq 5.8.3.3-2]

cC Vv Vv

Nominal one-way action shear resistance for structures without transverse reinforcement,
V,, is taken as the lesser of V,; and V,,

B=20

Ve = 00316 B [fc b dy toe

Vn1 = Ve V1 = 325 | kip/ft

Vn2 = 0.25 f'C b dv_toe Vn2 = 240.3 klp/ft

Vi = min(Vpg, Vi) V,, = 32.5 | kip/ft

¢, = 0.90

Vi =y Vi V, = 29.2 | kip/ft
V, =98] kip/ft

Is V, less than V,? lcheck = "OK" |

E14-4.7.1.2 Evaluate Two-Way Shear

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.

Two-way action should be checked for the maximum loaded pile.

Vy = max(Py1a.Pu2a:Pusa: Puib- Puzb-Pusb) [Vu = 150.2 | kip
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Determine the location of the pile critical perimeter. Assume that the critical section is
outside of the footing and only include the portion of the shear perimeter is located within

the footing:
Byx dv toe
bO_XX =1.2512 + 7 + _2
B d
B vy v_toe
bo_yy =1.2512 + 7 + T
bo_xx
Bc_pile b
o_vyy
b

o_pile = Po_xx T bo_yy

Nominal shear resistance, V,,, is taken as

b =325 | in

0_XX

b =323 | in

o_yy

Be pile = 1.004 | in

bo_pile = 648 | in

the lesser of V,, and V,, LRFD [5.13.3.6.3]

Vpg = [0.063 + Bo.12§ j J/Tc Po_pile dy._toe Vi1 = 5231 | yipyit
c_pile
V2 = 0.126 \/Tc by pile dv_toe Vn2 = 3497 | kiprit
Vi = min(Viy1, Vo) Vin =349.7 | yinit
Ve = dy Vpy Vi =347 kiprit
Vo= 1502 | i
Is V, less than V,? check = "OK" |

E14-4.7.1.3 Evaluate Top Transverse Reinforcement Strength

Top transverse reinforcement strength is determined by assuming the heel acts as a
cantilever member supporting its own weight and loads acting above it. Pile reactions may

be used to decrease this load.
For Strength Ib:

V, = 1.25 (% v4) +1.35 (V7 + Vg + Vg) + 1.75 (V1q) + 1.50 (V1)

C

u—
2
Calculated the capacity of the heel in fl

My = V

a_heel

Mp = As_heel fy (ds_heel T

January 2011

=)

V, = 27.0

M, = 66.3 | kip-fi/ft

exure at the face of the stem:

1 .
M, = 108.3 | kip-ft/ft

12

Kip/ft

14E4-25



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

Calculate the flexural resistance factor ¢

B, =0.85
a_heel
o in
1
d
s_heel 5
¢ = |0.75 if ———— <~
3
ds heel 5 ds heel 8 ¢ =0.90
0.65+ 0.15| — - if —<—= <=
c 3 c 3
0.90 otherwise
Note: if ¢z =0.75 Section is compression-controlled
if 0.75 < ¢ < 0.90 Section is in transition
if = =0.90 Section is tension-controlled
Calculate the flexural factored resistance, M,
M, = 6 M, M, =97.5 | Kkip-ft/ft
M, = 66.3 | Kip-ft/ft
Is M, less than M,? lcheck = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:
fr = 0.37 [f¢ f = 0.692 | ksi

1 3 .4
ln =— b (D 12 I = 27000
g~ P (P12 g = 27000 | in
3
c n

1 .
Vi = P D 12 yt = 15.00 | in
i

Sc =, S = 1800
° " % S, - 1600 |
M = Se fr —
T M, = 1038 |  kip-fuft
1.2 Mg, = 124.6 | Kip-ft/ft
1.33 M, = 88.2 | Kip-ft/ft
Is M, greater than the lesser value of 1.2*M, [check = "OK" |

and 1.33*M?
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E14-4.7.1.4 Evaluate Bottom Transverse Reinforcement Strength

Bottom transverse reinforcement strength is determined by using the maximum pile
reaction.

Determine the moment arms

arm_vl = A- Yp1
arm_v2 = A- Yp2

Determine the moment for Strength la:

Vu_la = Pyia NP1
Vu_2a = Py2a NP2
Mu_la = Vu_la arm_vl + Vu_2a arm_v2

Determine the moment for Strength Ib:
Vu_1b = Puib NP
Vu_2p = Pu2p NP2
Mu_lb = Vu_lb arm_vl + Vu_2b arm_v2
Determine the design moment:

My = m""X(Mu_la’ Mu_lb)

arm_vi =35 | ft

arm_v2 =0.8 | ft

Vy 1a=98| kip/ft
Vy 2a=95 | kip/ft
My |a = 41.6 | kip-fuft
Vy_1p =68 | kip/ft
Vy_2p = 125 | kip/ft
My p = 33.3 | kip-fuft

M, = 41.6 | kip-fu/ft

Calculated the capacity of the toe in flexure at the face of the stem:

a_toe) 1
Mn = As_toe fy (ds_toe_ 2 ) 12

Calculate the flexural resistance factor ¢
B, =0.85

a_toe
CcC =
B1
d
s toe 5
o = |0.75 if < =
3
d
t 5
065+O.15( 210e _ j it 2 <
3
0.90 otherwise

January 2011

IN

M, = 91.6 | kip-ftft

n
0 = 0.90

8

3
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Calculate the flexural factored resistance, M,

M, = ¢ M, M, = 82.4 | Kip-ft/ft
M, = 41.6 | kip-fu/ft
Is M,, less than M,? lcheck = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

fr = 0.37 [f¢ f, = 0.692 | ksi

1
g =25 b (D 12)° I = 27000 | in*

g=

1 .
Yt = P D 12 yt = 15.00 | in

M¢r = S¢ fr 12 My = 103.8 | kip-ft/ft

1.2 Mg, = 124.6 | Kip-ft/ft

1.33 M, = 55.3 | Kip-ft/ft

Is M, greater than the lesser value of 1.2*M_ and 1.33*M,?

[check = "OK" |
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E14-4.7.1.5 Evaluate Longitudinal Reinforcement Strength

The structural design of the longitudinal reinforcement, assuming the footing acts as a
continuous beam over pile supports, is calculated using the maximum pile reactions.

Compute the effective shear depth, d, ,for the longitudinal reinforcement

cover = 6.0 in
s=12.0 in (bar spacing)
Barng = 5 (longitudinal bar size)

Barp = 0.625 in (longitudinal bar diameter)

Barp = 0.310 in2 (longitudinal bar area)

BarA
As_Iong - s As_long =0.31 | in?/ft
12
BarD
dg = D 12 — cover - BarD_toe - dg=228 | in
A | f
a_long = > 0Ng ¥ a_long=0.5|in
0.85f.b
a long )
dVl = dS - > dVl =22.6 n
dVZ =0.9 dS dVZ =20.5 in
dy3 = 072D 12 dy3 =216 | in
dy long = max(dvl’dvz’dv3) dy jong =226 | in

Calculate the design moment using a uniform vertical load:

Lpile = max(P1, Py, P3) @’ ft

Wy = V%BIb w, = 3.2 | kip/ftft
Wu I-pile2 -

My = —— @, kip-f/ft

Calculated the capacity of the toe in flexure at the face of the stem:

a_Iong) 1

Mp = AS_Iong fy (ds T o 12 n=35.0 kip-ft/ft

:
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Calculate the flexural resistance factor ¢

B1 =085
a_toe
CcC =
P1

d

s 5
= 1075 if —<—

d),: c 3

d d
0.65 + 0.15(—5 - ) T
c 3 (o

0.90 otherwise

Calculate the flexural factored resistance, M,
M = o My,

Is M, less than M, ?

IA
w| o

Kip-fi/ft

M, = 315

[check = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

fr = 0.37 [f¢

1 3
ly = — b (D 12
9° 12 ( )

1
yt:EDlz

|
S = —

Yt
M., = S, f 1
cr — CI’12

f = 0692 | ksi

= 27000 | in
3
n

Ig =

yi = 15.00 | in
Sc =1800 | i
M

or = 103.8 | kip-ft/ft

1.2 Mg, = 124.6 | Kip-ft/ft

133 M, =27.1 | kip-ft/t

Is M, greater than the lesser value of 1.2*M_ and 1.33*M,?

January 2011
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E14-4.7.2 Evaluate Stem Strength
Unfactored Stem Horizontal Loads and Moments:

Hy = v¢ heq h" kg cos(90 deg -0 + 8)

1
Hy = > Vf h‘2 Ky cos(90 deg -6 + 8)

u(3)
(5)

Factored Stem Horizontal Loads and Moments:

for Strength Ib:
Hy1 = 1.75 Hy + 1.50 Hy

M

Mo

Myp = 1.75 My + 1.50 M,

for Service I:
Hy3 = 1.00 H1 + 1.00 Hy

M3 = 1.00 Mq + 1.00 M,

E14-4.7.2.1 Evaluate Stem Shear Strength at Footing
Vy = Hua

Hq = 0.6 | kip/ft

Hy = 7.7

Kip/ft

My = 6.4 | Kip-fi/ft

M, = 55.2 | Kip-fi/ft

Hy1 = 12.6

Kip/ft

Hyz = 8.3

Vv, = 12.6

My = 94.0 | kip-ftft

Kip/ft

Mg = 61.6 | kip-fft

Kip/ft

Nominal shear resistance, V,,, is taken as the lesser of V_, and V,, LRFD [5.8.3.3]

V., =V, LRFD [Eq 5.8.3.3-1]

where: V_= 0.0316 B./f'. b, dy

V,,=025f b, d,  LRFD [Eq 5.8.3.3-2]

Compute the shear resistance due to concrete, V_:

cover = 2.0 in

s=12.0 in (bar spacing)

Barng = 9 (transverse bar size)

Barp = 1.13 in (transverse bar diameter)

January 2011
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Barp = 1.00 in2 (transverse bar area)

BarA -
As = S AS=1.00||n Ift
12
BarD
dg = Ty 12 — cover — dg =256 | in

Ag fy
a=— a=1.71in
A p=17]
a

di1 = de — — dy1 =247 | i

vl s7 5 vl In
dVZ =0.9 dS dV2 =23.0 in
dy3 = 0.72 T, 12 dy3 =20.3 | in
dy = max(dyq,dyo,dy3) d,=247] in

Nominal shear resistance, V,,, is taken as the lesser of V, ; and V,,

B =20

V¢ = 0.0316 B [f b dy

Va1 = Ve Vi1 = 35.1 | kip/ft

Vjo = 025 b d,, Vo = 259.6 | kip/ft

Vi = min(Vpg, Vi) V, = 35.1 | kip/ft

Vi = oy Vj, V, = 31.6 | kip/ft
V,, = 12.6 | kip/ft

Is V, less than V,? |check - "OK" |

E14-4.7.2.2 Evaluate Stem Flexural Strength at Footing

My = Muz M, = 94.0 | kip-fi/ft

Calculate the capacity of the stem in flexure at the face of the footing:

ay 1 ,
Mp = Ag fy (ds - E) o Mp, = 123.6 |kip-ft/ft

Calculate the flexural resistance factor ¢
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By = 0.85
a
cC = —
B1

d

s 5
= 1075 if —<—
¢F c 3

w| o

d d
0.65+O.15(—S— j 2 < S o
c 3 c

0.90 otherwise

Calculate the flexural factored resistance, M,

M = o My,

Is M, less than M, ?

Kip-fu/ft

94.0 | kip-fuit

| Z
C -~
I Il

=

'—\

: [

N

[check = "OK" |

Check the minimum reinforcement limits in accordance with LRFD [5.7.3.3.2]:

fr = 0.37 [f¢

1 3
g =733 P (Tp 12)

1
== Tp 12
2

f ksi

0.69
in3

r =

I —

t =

Sc = 1582

Mer g = 91.3 | kip-fu/ft

1.2 Mg =109.5 | kip-fift

1.33 M, = 125.0 |kip—ft/ft

Is M, greater than the lesser value of 1.2*M_ and 1.33*M,?

January 2011
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Check the Service Ib crack control requirements in accordance with LRFD [5.7.3.4]

As
b= dg b p = 0.00326
Es
n=—
c
2
k=y(pn)+2pn-pn k = 0.205
k
j=1- 3 j=0.932
BarD .
de = cover + de=26|1In
M

u3 .

ss = , 12 fsg = 31.0 | ksi
Ag j dg
h=T,12
dc
=1+ — =11

Ps 0.7 (h - dg) Ps
Ye = 1.00 for Class 1 exposure

700 yo
s =—>--2d

in

Is the bar spacing less than's . ? lcheck = "OK" |

E14-4.7.2.3 Transfer of Force at Base of Stem

Specification requires that the transfer of lateral forces from the stem to the footing be in
accordance with the shear-transfer provisions of LRFD [5.8.4]. That calculation will not
be presented. Refer to E13-1.9.3 for a similar computation.

E14-4.7.3 Temperature and Shrinkage Steel

E14-4.7.3.1 Temperature and Shrinkage Steel for Footing

The footing will not be exposed to daily temperature changes. Thus temperature and
shrinkage steel is not required.

January 2011 14E4-34



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

E14-4.7.3.2 Temperature and Shrinkage Steel of Stem

The stem will be exposed to daily temperature changes. In accordance with AASTHO
LRFD [5.10.8] the stem shall provide temperature and shrinkage steel on each face and
in each direction as calculated below:

s =18.0 in (bar spacing)

Barng = 4 (bar size)

Barp = 0.20 in2 (temperature and shrinkage bar area)

BarA
Ag = (temperature and shrinkage provided)
S
12 Ag = 0.13 | in2/ft
bg = (H-D) 12 least width of stem bg = 258.0 | in
hg = Ty 12 least thickness of stem hg = 12.0 in
1.3 bg hg Area of reinforcement per
A. =——— — foot, on each face and in A.. = 0.12 | in2/ft
2 (bs + hs) fy each direction I’
s 0.11< A, < 0.60 ? lcheck = "OK" |
Is A > Ag? [check = "OK" |

Check the maximum spacing requirements
sp = min(3 hg, 18 sq=18.0] in

So 12 if hg> 18
For walls and footings (in) s, =18.0 in

S1 otherwise

Smax = Min(s1,sy) Smax = 18.0 | in

Is the bar spacing less than's . ? lcheck = "OK" |
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E14-4.8 Summary of Results
E14-4.8.1 Summary of External Stability
Based on the defined project parameters the following external stability checks have been

satisfied:
External Check CDR
Strength |
Bearing 1.46
Eccentricity >10
Sliding 1.12

Table E14-4.8-1
Summary of External Stability Computations

E14-4.8.2 Summary of Wall Strength Design

The required wall reinforcing from the previous computations are presented in Figure
E14-6.9-1.

E14-4.8.3 Drainage Design

Drainage requirements shall be investigated and detailed accordingly. In this example
drainage requirements are met by providing granular, free draining backfill materail with a
pipe underdrain located at the bottom of the wall (Assumed wall is adjacent to sidewalk) as
shown in Figure E14-6.9-1.
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E14-4.9 Final Cast-In-Place Concrete Wall Schematic

TOP OF WALL . 1-0"
i
2|| > o 2||
Va' [ 1| /2"
: o | o
Cl) I
o o
- o~ . L :I_'
o #4 @ 16" 0.C: N
N *¥9 @ I'-0" 0.C.
PIPE UNDERDRAIN
FINISH GRADE WRAPPED (6-INCH).
HINE i *T @ 9" 0.C.
E%) .
N | 2"
—#4 @ I'-6" 0.C.

Figure E14-4.9-1

Cast-In-Place Wall Schematic
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E14-5 Sheet Pile Wall, LRFD

General

This example shows design calculations for permanent sheet pile walls conforming to the LRFD

Bridge Design Specifications and the WisDOT Bridge Manual. (Example is current through
LRFD Fifth Edition - 2010)

Sample design calculations for required embedment depth and determining preliminary design

sections will be presented. The overall stability and settlement calculations will not be shown in
this example, but are required.

Design steps presented in 14.10.5 are used for the wall design.

E14-5.1 Establish Project Requirements

The following example is for a permanent cantilever sheet pile wall penetrating sand and having
the low water level at the dredge line as shown in Figure E14-5.1-1. External stability and
structural components are the designer's (WisDOT/consultant) responsibility.

Original Ground
/_ g

YA Y/\‘ WA
VNN

Sheet Pile —_
?:? T
T
| Low Water
Level \ Yf /
- Retained Soil —
TNV ¢5¢
| /
Dredge — v /
A Line f

Figure E14-5.1-1
Cantilever Sheet Pile Wall with Horizontal Backslope
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Wall Geometry

H=14 Design wall height, ft
0 = 90 deg Angle of back face of wall to horizontal
B =0 deg Inclination of ground slope behind face of wall (horizontal)

E14-5.2 Design Parameters

Project Parameters

Design_Life = 75 Wall design life (min), years LRFD [11.5.1]

Soil Properties (From Geotechnical Site Investigation Report)

Designer to determine if long-term or short-term soil strength parameters govern external
stability.

Soil Design Parameters

o = 35 deg Angle of internal friction

y = 0.115 Unit weight of soil, kcf

yw = 0.0624 Unit weight of water, kcf

Y =7 - Tw Effective unit weight of sail, kcf
c = 0 psf Cohesion, psf

Live Load Surcharge Parameters

SUR = 0.100 Live load surcharge for walls without traffic, ksf
(14.4.5.4.2)
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E14-5.3 Establish Earth Pressure Diagram

In accordance with LRFD [3.11.5.6] "simplified" and "conventional" methods may be used for
lateral earth pressure distributions. This example will use the "simplified" method as shown in
LRFD [Figure 3.11.5.3-2]. The "conventional" method would result in a more exact solution
and is based on Figure E14-5.3-1(b) lateral load distributions.

_ Passive

_Active

Pivot Point 'O’
() (b)

Figure E14-5.3-1
Cantilever Sheet Pile Wall Penetrating a Sand Layer: (a) Wall Yielding Pattern and Earth Pressure
Zones; (b) Conventional Net Earth Pressure Distribution (After Das, 2007).

dq

Figure E14-5.3-2

Cantilever Sheet Pile Wall Free-Body Diagram - Simplified Method
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E14-5.4 Permanent and Transient Loads

In this example, horizontal earth pressures 'EH' will be used as shown in Figure E14-5.3-1(b).
For simplicity, no transient, vertical or surcharge loads are present in this example.

E14-5.4.1 Compute Active Earth Pressure
Compute the coefficient of active earth pressure using Rankine Theory

o5 = 35deg

2
of
kag = tan(45 deg - £ kqa = 0.271

E14-5.4.2 Compute Passive Earth Pressure
Compute the coefficient of passive earth pressure using Rankine Theory
¢f = 35deg

2
of
kp = tan(45 deg + > kp = 3.690

E14-5.4.3 Compute Factored Loads

The active earth pressure is factored by its appropriate LRFD load type 'EH' LRFD [Tables
3.4.1-1 and 3.4.1-2]. Where as the passive earth pressure is factored by its appropriate
resistance factor LRFD [Table 11.5.6-1].

Compute the factored active earth pressure coefficient, K,

kg = 0.271 Unfactored active earth pressure coefficient
YEH = 1.50 Horizontal earth pressure load factor (maximum)
Ka = YEH Ka Factored active earth pressure coefficient Kq = 0.406

Compute the factored passive earth pressure coefficient, Ky

kp = 3.69 Unfactored passive earth pressure coefficient

¢p = 0.75 Nongravity cantilevered wall resistance factored for flexural
capacity of a vertical element LRFD [Table 11.5.6-1]

Kp = ¢p kp Factored passive earth pressure coefficient Kp = 2.768

January 2011 14E5-5
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E14-3.5 Compute Wall Embedment Depth and Factored Bending Moment

Compute the required embedment depth, D, corresponding to the depth where the factored

active and passive moments are in equilibrium from Figure E14-5.3-2. Trial-and-error is used
to determine the depth by adjusting D, in the following equations:

Dy = 275 it

Force (factored)

F1 = -(Ka SUR) H Fp=-0.57 | Kip/ft
-1 .
Fa=— (v Ka H) H Fp = -4.58 | kip/ft
F3 = (v Ka H+ Ka SUR) Dy Fg =-19.11 | kip/ft
-1 .
Fq = —~ (y' Ka Do) Do F,=-8.08] Kip/ft
1, .
Fs == (v Kp Do) Do Fs = 55.05 | kip/ft
Moment Arm Moment (factored)
H .
di = —+D d; = 345 | ft My = Fq dp [My=-19.6 | kip-ft/ft
1=~ +Do 1= Frdp M P
H .
dp = —+D dp = 32.2 | ft My = Fy dy [My = —147.4 | kip-ft/ft
2= 5 +Do 2 = F2dz My P
Do .
d3 = 7 dz3 =138 | ft M3 = F3 d3 |M3 =-262.8 | Kkip-ft/ft
Do .
dg = < dp=9.2] ft Mg = F4q dg Mg =-74.1| Kip-ft/ft
dg = = ds=92] ft Ms = Fg ds [Mg = 504.6 | Kip-ft/ft
= — = . = = . | =
s =3 s = Fs ds [i p

SM = My + My + Mg + Mg+ Mg (Approximately equal to zero) [sM = 0.66 |  kip-ft/ft

Capacity:Demand Ratio (CDR) at D

Mg = Mg + My + Mg + My Factored active moments Mg = —503.9 | Kip-ft/ft
Mp = M5 Factored passive moments
v Mp = 504.6 | kip-ft/ft
B
COR = 1. CDR = 1.00
Is the CDR > 1.0? lcheck = "OK" |

January 2011 14E5-6



‘!“"‘ I.'.OJ'(%

a@g WisDOT Bridge Manual Chapter 14 — Retaining Walls

Yo

Compute the required embedment depth, D. Since the wall embedment depth uses the

Simplified Method with continuous vertical elements a 20% increase in embedment will be

included as shown in LRFD [Figure 3.11.5.6-3].

0 - 120, b =3a00]

Compute the location of the maximum bending moment, M___,

corresponding to the depth

where the factored active and passive lateral forces are in equilibrium from Figure E14-5.3-2.

Trial-and-error is used to determine the depth by adjusting D, in the following equations:
Do = 16.3 ft

Force (factored)

F1 = -(Ka SUR) H Kip/ft
-1 _
Fo = — (v Ka H) H Kip/ft
F3 = (v Ka H+ Ka SUR) Dy F3 = -11.33 | kip/ft
Fa = _71 (y' Ka Do) Do Fq=-2.84 | Kip/ft

Fs = % (v Kp Do) Do Kip/ft

SF = Fy+ Fp+Fa+Fg+Fs (Approximately equal to zero) [TF = 0.02 kip-ft/ft
Moment Arm Moment (factored)
H .
di =—+D d; =233 | ft Mq =F1d Mp =-13.3 Kip-ft/ft
1=7*Do L 1=Fidy P
H .
do =—+D dr=21.0 | ft Mo = Fo d Mo = -96.1 Kip-ft/ft
2=73*Do 2 2=F20; P
Do
d3 = — d3 =82 ft M3 = F3 d M3 = -92.3 Kip-ft/ft
3= 3=Fsds P
Do
dg = — dg =54 ft Mg = Fgd My =-15.4 Kip-ft/ft
e s = Fada :
d = 0 d5 =54 ft Mg = F5 dg  [Mg = 105.1 | kip-ftft
= — = . = = . | =
5= 5 5 = Fs ds P
*M = M1 + Mo + M3 + Mg + M5 M = -112.0 | Kkip-ft/ft
Mmax = |ZM] [Mmax = 112.0 | kip-fu/ft
January 2011 14E5-7
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Figure E14-5.5-1 tabulates the above computations in a spreadsheet for varying embedment

depths.
D, Fy F, Fs Fs Fs d; d, d; d, ds Fa Fp Fa+Fp| M, M, M, M,  Ms M, M, | CDR | M.+M,
0 -0.6 | -4.6 0.0 0.0 0.0 7.0 4.7 0.0 0.0 0.0 -5.2 0.0 -5.2 -4 -21 0 0 0 -25 0 0.0 -25.4
2 -06 | -46 | -14 | 00 | 03 | 9.0 | 67 10 | 07 | 07 -6.6 0.3 -6.3 -5 -31 -1 0 0 -37 0 0.0 -36.9
4 -0.6 | -4.6 -2.8 -0.2 12 11.0 8.7 2.0 13 13 -8.1 12 -6.9 -6 -40 -6 0 2 -52 2 0.0 -50.2
6 -06| -46 | -42 | -04| 26 | 130 07| 3.0 | 20 2.0 -9.7 2.6 -7.1 -7 -49 | -13 -1 5 -70 5 0.1 -64.3
8 -0.6 | -4.6 -5.6 -0.7 4.7 150 | 12.7 4.0 2.7 2.7 -11.4 4.7 -6.7 -9 -58 -22 -2 12 -91 12 0.1 -78.2
10 | -06| 46| -70 | -11| 73 | 70| 47| 50 | 33 3.3 -13.2 7.3 -59 | -10 | -67 35| -4 ] 24| -5 24| 02 -90.9
12 -0.6 | -4.6 -8.3 -15 105 | 19.0 | 16.7 6.0 4.0 4.0 -15.0 10.5 -4.5 -11 -76 50 -6 42 -143 42 0.3 -1014
14 | -06| -46| -97 | -21 | 143] 210 187 | 70 | 47 | 47 -17.0 14.3 27| -2| 86| -68 | -10 | 67 | -175 | 67 04 | -1088

16.3|-0.6 |-4.6 |-11.3 |-2.8 ]19.3 | 23.3]21.0 | 8.2 5.4 5.4 -19.3 | 19.3 0.0 -13 | -96 | -92 | -15 | 105 | -217 | 105 | 0.5 | -112.0
18 | -06| -46 | -125| -35 | 236 | 25.0 | 227 | 9.0 | 6.0 6.0 -211 23.6 2.5 <14 | -104 | -113 | 21| 142 | -251 | 142 | 0.6 -110.0
20 -06 | -46 | -139 | -43 | 29.1| 27.0 | 24.7 | 10.0 6.7 6.7 -23.3 29.1 5.8 -15 -13 | -139 | -29 | 194 | -296 | 194 0.7 -1018
22 | 06| -46 | -153 | -52]352]29.0| 267 | 110 | 7.3 73 | -25.6 35.2 9.6 -17 | -122 | -168 | -38 | 258 | -345 | 258 | 0.7 -86.5
24 -06 | -46 | -16.7 | -6.2 | 419 | 310 | 28.7 | 12.0 8.0 8.0 -28.0 419 13.9 -18 -131 | -200 | -49 | 335 | -398 | 335 0.8 -63.0
26 | 06| -46 | -181 | -72 | 492|330 | 307 | 130 | 87 | 87 | -304 | 49.2 18.8 | -19 | -140 | -235| -63 | 426 | -457 | 426 | 0.9 -30.4

27.5]|-0.6 |-4.6 |-19.1]-8.1]54.9]134.5]32.1]13.7 | 9.2 9.2 |-32.3 ] 54.9 | 22.6 20 |-147 |-262 ] -74 | 503 |-503 | 503 | 1.0 0.0
30 | -06| -46 | -209| -96 ] 655 ] 370 | 347 | 150 | 0.0 | 100 | -356 655 | 29.9 | -21 | -159 | -313 | -96 | 655 | -589 | 655 | 11 66.2
32 -06 | -46 | -22.2 | -10.9 | 745 | 39.0 | 36.7 | 16.0 | 10.7 | 10.7 -38.3 74.5 36.2 -22 | -168 | -356 | -117 | 795 | -663 | 795 12 132.2

Results Tabulated Above Values

Required Embedment Depth, D, (M,/M,>1)= 27.47 ft

Actual Embedment (12*D,) = 32.96 ft

M aximum Factored M oment Location (F,+F,=0) = 16.30 ft

M aximum Factored Design M oment= 112.0 kip-ft/ft

Figure E14-5.5-1

Design Analysis for Cantilever Sheet Pile Wall

E14-5.6 Compute the Required Flexural Resistance
The following is a design check for flexural resistance:

Mmax < ¢f Mp

Mmax = 112.0  kip-ft/ft

¢fM n= ¢nyZ

Zreqd = 2987 |n3/ft

¢f = 0.90 Resistance factor for flexure (based on nongravity cantilevered
walls for the flexural capacity of vertical elements LRFD [Table
11.5.6-1])

Mp Nominal flexural resistance of the section

Fy = 50 Steel yield stress, ksi (assumed A572 Grade 50)

Z Plastic section modulus (in3/ft)

Zreqd =

of I:y

Based on this minimum section modulus a preliminary sheet pile section PZ-27 (Z=36.49
in3/ft) is selected. Additional design checks shall be made based on project requirements.

January 2011
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E14-5.7 Final Sheet Pile Wall Schematic

Original Ground

Figure E14-5.7-1
Cantilever Sheet Pile Wall Schematic
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Use Tributary Width for Deck and Superimposed Dead Loads

Figure 17.2-17

Distribution of Loads to Exterior Girder for Girder Structure with Raised Sidewalk
Design Case 1

The distribution of loads to the exterior girder for Design Case 1 is calculated as follows:

For dead loads, the exterior girder must resist the girder weight (girder self-weight and any
other miscellaneous weight applied to the girder), deck weight (including the concrete
haunch and overhang haunch) and all superimposed dead loads. The distribution of the deck
weight and all superimposed dead loads to the exterior girder are based on the tributary

width, as shown in the previous figure.

For the live load, the live load distribution factor for Design Case 1 is based only on the
application of the lever rule. It is recommended for Design Case 1 lane load to use the same
distribution factor as for the truck load. The appropriate multiple presence factor of 1.2 must

be applied.

The general equation for loads applied to the exterior girder is as follows:

Total Load =D +D . +D

girder deck

superimposed DL + [(

DFext )(Ltruck + I_Iane )]

January 2011
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Figure 17.2-18
Distribution of Loads to Exterior Girder for Girder Structure with Raised Sidewalk
Design Case 2

The distribution of loads to the exterior girder for Design Case 2 is calculated as follows:

For dead loads, the exterior girder must resist the girder weight (girder self-weight and any
other miscellaneous weight applied to the girder), deck weight (including the concrete
haunch and overhang haunch) and all superimposed dead loads. The distribution of the deck
weight to the exterior girder is based on the tributary width, as shown in the previous figure.
The distribution of all superimposed dead loads is based on equal distribution to all girders.

For the live load, the live load distribution factor for Design Case 2 is based only on the
application of the lever rule. The appropriate multiple presence factor of 1.2 must be applied.

The general equation for loads applied to the exterior girder is as follows:

D.... +D, +D +D
Total Load _ Dgirder n Ddeck +( wearing surface NOsMeQw;IKGird:l:;et—1 parapet-2 J+ [(D Fext )(mek )]
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Figure 17.2-19
Distribution of Loads to Exterior Girder for Girder Structure with Raised Sidewalk
Design Case 3

The distribution of loads to the exterior girder for Design Case 3 is calculated as follows:

For dead loads, the exterior girder must resist the girder weight (girder self-weight and any
other miscellaneous weight applied to the girder), deck weight (including the concrete
haunch and overhang haunch) and all superimposed dead loads. The distribution of the deck
weight to the exterior girder is based on the tributary width, as shown in the previous figure.
The distribution of all superimposed dead loads is based on equal distribution to all girders.

For the live load, the live load distribution factor for Design Case 3 is based only on the
application of the lever rule. It is recommended for Design Case 3 lane load to use the same
distribution factor as for the truck load. The appropriate multiple presence factor of 1.0 must
be applied.
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For pedestrian loads, the distribution to the exterior girder is based on the lever rule, as
shown in the previous figure.

The general equation for loads applied to the exterior girder is as follows:

D, +D, +D +D
TotalLoad =D, +D +[ e N(;Idecv)v;mGirdz:\;et_1 - J “he * [(DFM )(L o e )]
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The distance from the centerline of the girder to the design section is computed in
accordance with LRFD [4.6.2.1.6]. For steel beams, this distance is equal to one-quarter of
the flange width from the centerline of support. For prestressed concrete girders, this
distance is equal to the values presented in Figure 17.5-1, along with bar locations and
clearances.

Note: Transverse reinforcing steel requirements (bar size and spacing) are determined for
both positive moment requirements and negative moment requirements, and the same
reinforcing steel is used in both the top and bottom of slab as shown in Table 17.5-1 and
Table 17.5-2. Longitudinal reinforcement in Table 17.5-3 and Table 17.5-4 is based on a
percentage of the bottom transverse reinforcement required by actual design calculations
(not a percentage of what is in the tables). The tables should be used for deck
reinforcement, with continuity bars in prestressed girder bridges being the only deck
reinforcement requiring calculation.

Longitudinal bar or

15" Wearing longitudinal continuity
| Surface bar to be deS|_gned for
N la L prestressed girders 7

W 7
Al /4
1

oA EAA ,."n{r{,,“n AN

7

11/2u !
Cl.

Transverse Bars

See Detail "A"
14 Top flange width A
for steel girders «—— Design Section -
)
#4 Bars 8"
i Prestressed A
Girder (Inches)
28" 6
- 36" 4
#4 Bars @ 1'-0" 36W", 45W" 11
Max. Spacing 54W", 72W", 82W" 15
45" 5
1 "
__|[ %"l 54" 6
. 70" 10
Detail "A"
Figure 17.5-1

Transverse Section thru Slab on Girders
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For skews of 20° and under, place transverse bars along the skew. For skews greater than
20°, place transverse bars perpendicular to the girders.

Detail "A", as presented in Figure 17.5-1, should be used for decks when shear connectors
extend less than 2 inches into the slab on steel girder bridges or 3 inches on prestressed
concrete girder bridges.

Several transverse reinforcing steel tables are provided in this chapter. The reinforcing steel
in Table 17.5-1 and Table 17.5-2 does not account for deck overhangs. However, the
minimum amount of reinforcing steel required in the deck overhangs is presented in various
design tables in 17.6.

The reinforcement shown in Table 17.5-1 and Table 17.5-2 is based on both the Strength |
requirement and crack control requirement.

Crack control was checked in accordance with LRFD [5.7.3.4]. The bar spacing cannot
exceed the value from the following formula:

s< M — 2dc
B.f.
Where:
d
=1+ —

P, 0.7(h-d,)

Y = 0.75 for decks

Bs = Ratio of flexural strain at the extreme tension face to the strain at the
centroid of the reinforcement layer nearest the tension face

fs = Tensile stress in reinforcement at the service limit state (ksi)

dc = Top concrete cover less %2 inch wearing surface plus 2 bar diameter or
bottom concrete cover plus %2 bar diameter (inches)

h = Slab depth minus %z inch wearing surface (inches)

WisDOT policy item:

The thickness of the sacrificial ¥2-inch wearing surface shall not be included in the calculation of
dc.

Table 17.5-1 and Table 17.5-2 were developed for specified values of the distance from the
centerline of girder to the design section for negative moment. Those specified values — 0, 3,
6, 9, 12 and 18 inches — were selected to match values used in AASHTO [Table A4-1]. For
a girder in which the distance from the centerline of girder to the design section for negative
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moment is not included in Table 17.5-1 and Table 17.5-2, the engineer may interpolate
between the closest two values in the tables or can use the more conservative of the two

values.

Transverse Reinforcing Steel for Deck Slabs on Girders for New Bridges and Deck
Replacements, HL-93 Loading, Slab Thickness “T” = 8”

Thi?::?niss Girder Distance from Centerline of Girder to Design Section
“” Spacing
(Inches) “S” 0” 37 6” 9” 12” 18”
8 4’-6” #Ha7 #Ha7 #Ha@7 #Ha7 #Ha@7 Ha7
8 4-9” #H @65 | #HA@7 #H@7 #H Q@7 #H@7 #H Q@7
8 5-0” #H @65 | @7 #Ha@7 #Ha7 #Ha@7 #H Q@7
8 5-3” #H @65 #A @65| #H4 @7 #H @7 #H@7 #H@7
8 5'-6” #H @65 #A @65| #HA @7 #Ha7 #Ha@7 #H Q@7
8 5'-9” #H@8 |#4 @65 |# @65 | #HA @7 #H@7 #H @7
8 6’-0” #H@75 #4A @65 | #A @65 | #4A @65 |#4 @6.5 |# @ 6.5
8 6’-3” #H@7 |#4 @65 |#4 @65 |# @65 |#4 @65 | #4 @ 6.5
8 6’-6” #HQ@7 #H@8 |#4A @65 |#4 @6.5 |# @6.5 | # @ 6.5
8 6’-9” #H@7 |#H5@75|#H4 @65 |#4 @65 |#4A @65 | #4 @ 6.5
8 7’-0” #HH@6.5 | #5@7 |#5 @85 |#5 @85 |#5@ 8.5 |#5 @ 8.5
8 7-3” #H @65 | #H5@7 |[#5 @85 |#5 @85 |#5@ 8.5 |#5@ 8.5
8 7’-6” #H@65 | #H5@7 #H5@8 |#5 @85 |#5 @ 8.5 |#5 @ 8.5
8 7-9” #H5 @6 #H@7 |#H5@75| #5@ 8 #5 @ 8 #H5 @ 8
8 8’-0” HO@75 #5 @65 |[#5@ 75| #5@ 8 #5 @ 8 #5 @ 8
8.5 8-3” #H @65 | #H5@7 |#5 @85 |#5 @85 |#5@ 8.5 |#5@ 8.5
8.5 8’-6” #HH@6.5 | #5@7 |[#5 @85 |#5 @85 |#5@ 8.5 |#5 @ 8.5
8.5 8'-9” #H @65 | #H5@7 |[#5@75| #5@ 8 #5 @ 8 #H5 @ 8
8.5 9'-0” #HH@65 | #5@7 |[#5@ 75| #5@ 8 #5 @ 8 #5 @ 8
8.5 9'-3” #H @65 | #H5@7 |[#5@75| #5@ 8 #5 @ 8 #H5 @ 8
9 9'-6” #H@65 | #5@7 #5 @ 8 #H5 @ 8 #5 @ 8 #H5 @ 8
9 9'-9” #HO@6.5 | #H5 @7 |[#H5@T75| #5@ 8 #5 @ 8 #5 @ 8
9 10’-0” #H@6 |#5Q@65 |#H5@75| #5@ 8 #5 @ 8 #H5 @ 8
9 10’-3” Ho@7 |#5@65| #5@7 |#H5@ 75| #5@ 8 #5 @ 8
9 10’-6” Ho@7 |#5@65| #5@7 |#H5@ 75 |#5 @75 |#5@ 7.5
9.5 10’-9” HO@7.5 #5 @65 | #5@7 |#5@75| #5@ 8 #5 @ 8
9.5 11°-0” Ho@7 |#5@65| #5@7 |#H5@ 75| #5@ 8 #H5 @ 8
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9.5 11-3" | #6@7 | #5@6 |#5@6.5 |#5@ 7.5 |#5@75|#5@7.5
9.5 116" | #6@7 |#6@75|#5@65| #5@7 |#5@7.5 |#5@ 75
10 119" | #6@7 |#5@65| #5@7 |#5@75| #5@8 | #5@ 8
10 12-0° | #6@7 |#6@75|#5@65| #5@7 | #5@8 | #5@ 8
10 12-3" | #6@7 |#6@75|#5@65| #5@7 |#5@75|#5@7.5
10 126" | #6@7 | #6@7 |#5@65| #5@7 |#5@75 | #5@ 7.5

10.5 129 | #6@7 |#6@75|#5@65| #5@7 |#5@75| #5@8

10.5 13-0" | #6@7 |#6@75|#5@65| #5@7 |#5@75 |#5@7.5

10.5 13-3° | #6@7 | #6@7 |#5@6.5 |#5@6.5 |#5@7.5 | #5@ 7.5

10.5 136" | #6 @65 | #H6 @7 |#6@7.5 |#5@65| #5@7 |#5@7.5
11 13- | #6@7 |#6@75|#5@65| #5@7 |#5@75 |#5@75
11 140" | #6@7 | #6 @7 |#6 @75 |#5@65| #5@7 |#5@7.5

Table 17.5-1

Transverse Reinforcing Steel for Deck Slabs on Girders
for New Bridges and Deck Replacements, HL-93 Loading, Slab Thickness “T” = 8”

Transverse Reinforcing Steel for Deck Slabs on Girders for Deck Replacements,
HL-93 Loading, Slab Thickness “T” < 8”

Thi?:Lanbess Girder Distance from Centerline of Girder to Design Section
T Spacing

(Inches) “S” 0” 37 6” 9” 127 18”
6.5 4’-0” H@75 |#5 @75 |#5@75 | #H5 @75 |#H5 @75 | #5@ 7.5
6.5 4-3” HHO@Q75 |#5 @75 |#H5 @75 |#5@ 75 |#5@75 | #5@ 7.5
6.5 4’-6” H@75 |#5 @75 |#5@75 | #H5 @75 |#H5 @75 | #5@ 7.5
6.5 4-9” #HHQ@7 |#H5 @75 |#5@T75 |#5 @75 |#H5@T75 | #5@ 7.5
6.5 5-0” #H5 @65 | #H5 @75 |#5@ 75 |#H5 @75 |#H5 @75 | #5@ 7.5
6.5 5’-3” #5 @ 6 #H@7 #H5 @7 #H@7 #H@7 #H@7
6.5 5’-6” H@75|#5@65| #5@7 #H@7 #Hav #Hav
6.5 5’-9” Ho@7 #5 @ 6 #5 @7 #HHQ@7 #HH @7 #HH@7
6.5 6’-0” HO@65 |#H6 @75 | #5@7 #H@7 #H@7 #H@7
6.5 6’-3” HO@O65 | HO@T75 |#5@6.5 | #5@ 7 #H@7 #H@7
6.5 6’-6” #6 @ 6 #Ho@7 |[#H5@6.5| #H5@7 #H5 @7 #5 Q@7
6.5 6’-9” (1) #Ho@7 #5 @6 #HHQ@7 #HH@7 #HH@7
6.5 7-0” (1) HOo @65 |#H0 @75 |#5@6.5 | #5@6.5 | #5@ 6.5
7 4'-0” #5@ 8 #5@ 8 #5@ 8 #5@ 8 #5 @ 8 #5 @ 8
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7 43" #H@8 | #H5@8 | #H5@8 | #H5@8 | #H5@8 | #H5@ 8
7 4'-6" #H@8 | H5@8 | #H5@8 | #5@8 | #H5@8 | #H5@ 8
7 4-9” #H@8 | #H5@8 | #H5@8 | #H5@8 | #H5@8 | #5@ 8
7 50" |#5@75| #5@8 | #5@8 | #5@8 | #5@8 | #H5@ 8
7 5-3" #H@7 | #H5@8 | #H5@8 | #H5@8 | #H5@8 | #5@ 8
7 56" |#5@65 |#5@75| #H5@8 | #5@8 | #5@8 | #H5@ 8
7 5-9" |#5@65| #5@7 | #5@8 | #H5@8 | #5@8 | #5@ 8
7 6-0" |#6@T75| #H5@7 |#5@75|#H5@75 |#5@T75|#H5@7.5
7 6-3" |H#6@7.5|H#5@6.5 |H#H5@T7.5|H#H5@T7.5|H#H5@T7.5|#5@7T.5
7 6'-6" |#H6@T7.5|#5@6.5| #H5@7 |#5@T5 |#5@T5|#H5@7.5
7 6’-9” #Ho @7 #5 @ 6 #HQ@7 |#H5Q@ 75 |#5@ 75 | #5@ 7.5
7 7-0" |#6@6.5|#6 @75 |H#H5@65 |#H5@T5|#H5@T5 | #H5@7T.5
7 7-3 |#6@6.5 |#H6 @75 |#5@65| #H5@7 | #H5@7 | #H5@7
7 76" HQ@6 | #H6 @7 |#H5@65| #5@7 | #H5@7 | #H5@7
7 7-9" (1) Ho@65| #H5@6 | #H5@7 | #H5@7 | #H5@7
7 8'-0" (1) Ho@6.5| #H5@6 | #H5@7 | H5@7 | #H5@7
75 40" |#A@65|#HA @65 |#HA @65 |#A @65 |#H @65 | #H4 @65
7.5 43 |#4@65|#HA @65 |#H @65 |#HA@65 |#4 @65 | #H4 @65
75 46" |#A@65|H#HA@65|H#HA@6.5|#HA @65 |#H @65 | #H @65
7.5 49" |#4@65|#HA@6.5|#H @65 |H#HA@65|#4 @65 | #H4 @65
75 5-0" |#4@6.5|#4 @65 |#HA @65 |#H @65 |# @65 | #4 @6.5
7.5 5'-3" #H@8 |#4@6.5|#H @65 |#HA@65|#4 @65 | #4 @65
75 56" |#5@7.5|#A @65 |#H @65 |#H @65 |# @65 | #4 @6.5
7.5 5'-9” #H@Q7 |#5@85 |#H5 @85 |#5 @85 |#5@ 8.5 | #5@ 8.5
75 6-0" #H@7 | #5@8 |#H5@8.5 |#5@8.5 | #5@8.5 | #H5@ 8.5
7.5 6-3" |#5@6.5 |#H5 @75 |#H5 @85 |#5@85 |#5@ 8.5 | #5@ 8.5
75 6-6" |#5@65| #H5@7 | #H5@8 | #H5@8 | #H5@8 | #H5@ 8
7.5 6-9" |#5@65| #H5@7 | #H5@8 | #5@8 | #H5@8 | #H5@ 8
75 7-0" |#6@75|#5@65 |#5@75| #H5@8 | #H5@8 | #H5@ 8
7.5 7-3 |#6 @75 |#5@65| #H5@7 | H5@8 | #H5@8 | #5@ 8
7.5 7-6" @7 |#5Q@65| #5@7 |#5@T75|#H5@75 | #H5 @75
7.5 7-9” HQ7 | H5@6 | #H5@7 |#5@ 75 |#5Q@T75|#H5@7.5
7.5 8’-0” HO@O65 |#6@ 75| #5 @7 |#5 @75 |#5@75 | #5@ 7.5
7.5 8-3" |#HO @65 |HO@T5|#H5@65|H#H5@T75 |#H5@T75|#H5@7.5
75 8-6" |#6@6.5|#H6@T5|#5@65| #H5@T7 | #5@7 | #H5@7
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7.5 8- |#6@6.5|#6@75|#5@65| #5@7 | #5@7 | #5@7
7.5 9-0" |#6 @65 |#6@75|#5@65| #5@7 | #5@7 | #5@7
7.5 9-3 |#6@65| #6@7 |#5@6.5 |#5@6.5 |#5@6.5 | #5@ 6.5
7.5 96 | #H5@6 |#6@65| #H5@6 |#5@6.5 |#5@6.5 | #5@ 6.5

(1) When these regions are encountered, the next thicker deck section shall be used.
Table 17.5-2
Transverse Reinforcing Steel for Deck Slabs on
Girders for Deck Replacements, HL-93 Loading, Slab Thickness “T” < 8”
(Only use Table 17.5-2 if Bridge Rating is unacceptable with “T” = 8”)

The transverse reinforcing steel presented in Table 17.5-1 and Table 17.5-2 is designed in
accordance with AASHTO LRFD. The tables are developed based on deck concrete with a
28-day compressive strength of f'c = 4 ksi and reinforcing steel with a yield strength of f, = 60
ksi. However, the same tables should be used for concrete strength of 5 ksi.

The clearance for the top steel is 2 1/2”, and the clearance for the bottom steel is 1 1/2”. The
dead load includes 20 psf for future wearing surface.

The reinforcing bars shown in the tables are for one layer only. Identical steel should be
placed in both the top and bottom layers.

17.5.3.2 Longitudinal Reinforcement

The amount of bottom longitudinal reinforcement required is as specified in LRFD [9.7.3.2]
and shown in Table 17.5-3 and Table 17.5-4. It is based on a percentage of the transverse
reinforcing steel for positive moment. For the main reinforcement perpendicular to traffic, the
percentage equals:

220 < 67%

7s

Where:

S

Girder spacing, as calculated based on Figure 17.5-1 (feet)

WisDOT exception to AASHTO:

The girder spacing shall be used in the equation above for calculating the percentage of
transverse steel to be used as longitudinal reinforcement. This definition replaces the one stated
in LRFD [9.7.3.2] to use the effective girder spacing.

The minimum amount of longitudinal reinforcement required for temperature and shrinkage in
each of the top and bottom layers is given by LRFD [5.10.8] as follows:
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1.30bh
*2(b+ h)f,
and
0.11< A, <0.60
Where:
As = Area of reinforcement in each direction and each face (in.%ft.)
fy = Reinforcing steel yield strength = 60 ksi
b = Width of deck (inches)
h = Thickness of deck (inches)

In addition, the minimum amount of longitudinal steel in both layers used by WisDOT is #4
bars at 9” spacing to reduce transverse deck cracking. Identical amounts of steel are placed
in both the top and bottom layer, and the reinforcing bars are uniformly spaced from edge to
edge of slab. Table 17.5-3 and Table 17.5-4 use the same longitudinal bar spacings
throughout a given bridge deck.

See Chapter 19 — Prestressed Concrete for design guidance regarding continuity
reinforcement for prestressed girder bridges.

When continuous steel girders are not designed for negative composite action, LRFD
[6.10.1.7] requires an area of longitudinal steel in both the top and bottom layer equal to 1%
of the cross-sectional area of the slab in the span negative moment regions. The "d" value
used for this computation is the total slab thickness excluding the wearing surface. This
reinforcing steel is uniformly spaced from edge to edge of slab in the top and bottom layer. It
is required that two-thirds of this reinforcement be placed in the top layer. The values shown
in Table 17.5-3 and Table 17.5-4 provide adequate reinforcement to cover the requirements
of LRFD [6.10.1.7]. It is WisDOT practice to abide by LRFD [6.10.1.7] for new bridges
utilizing negative composite action, as well. See 24.7.6 for determining continuity bar cutoff
locations for new bridges and rehabilitation bridges.

Longitudinal Reinforcing Steel for Deck Slabs on Girders for New Bridges and Deck Replacements, HL-93
Loading, Slab Thickness “T” = 8”
Bar Size and Spacing (Inches)
Prestressed Girder Bridges Steel Girder Bridges
#4’s Top and Bottom, #4’s Top and Bottom,
Slab Thickness Girder Spacing Continuity Reinforcement Continuity Reinforcement™*
“T"  (Inches) “S” To Be Designed (Top) #6's (Top)
8 4'-6” 9.0 8.5
8 4'-9 9.0 8.5
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8 5-0” 9.0 8.5
8 5-3” 9.0 8.5
8 5-6” 9.0 8.5
8 5-9” 9.0 8.5
8 6-0” 9.0 8.5
8 6’-3” 9.0 8.5
8 6'-6” 9.0 8.5
8 6’-9” 9.0 8.5
8 7-0” 9.0 8.5
8 7-3 9.0 8.5
8 7-6” 8.5 8.5
8 7-9” 8.5 8.5
8 8-0” 8.0 8.5
8.5 8-3” 9.0 8.0
8.5 8-6” 8.5 8.0
8.5 8-9” 8.5 8.0
8.5 9'-0” 8.5 8.0
8.5 9-3” 8.0 8.0
9 9-6” 9.0 7.5
9 9-9” 8.5 75
9 10’-0” 8.5 75
9 10’-3” 8.0 75
9 10'-6” 8.0 75
9.5 10’-9” 8.0 7.0
9.5 11°-0” 8.0 7.0
9.5 11°-3” 8.0 7.0
9.5 11'-6” 8.0 7.0
10 11-9” 8.0 6.5
10 12-0” 8.0 6.5
10 12-3” 8.0 6.5
10 12-6” 8.0 6.5
10.5 12'-9” 8.5 6.0
10.5 13-0” 8.0 6.0
10.5 13-3” 8.0 6.0
10.5 13'-6” 8.0 6.0
11 13-9” 8.0 6.0
11 140" 8.0 6.0
Legend:
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** Use for deck slabs on steel girders in negative moment regions. New bridge shall be
designed for composite action in the negative moment region.

Table 17.5-3
Longitudinal Reinforcing Steel For Deck Slabs on Girders
for New Bridges and Deck Replacements, HL-93 Loading, Slab Thickness “T” = 8”

Longitudinal Reinforcing Steel for Deck Slabs on Girders for Deck Replacements,
HL-93 Loading, Slab Thickness “T” < 8”

Bar Size and Spacing (Inches)
) Prestressed Girder Bridges Steel Girder Bridges
Slab -(T:,f;g:)ss T | Girder Spacing *S” #4's Top and Bottom, #4's Top and Bottom,
Continuity Reinforcement Continuity Reinforcement**
To Be Designed (Top) #6's (Top)

6.5 4-0 7.0 7.0
6.5 4-3 7.0 7.0
6.5 4'-6” 7.0 7.0
6.5 4-9” 7.0 7.0
6.5 5-0" 7.0 7.0
6.5 5-3” 7.0 7.0
6.5 5'-6” 7.0 7.0
6.5 5-9” 6.5 6.5
6.5 6’-0” 6.5 6.5
6.5 6'-3” 6.5 6.5
6.5 6'-6” 6.5 6.5
6.5 6’-9” 6.0 6.0
6.5 7-0" 6.0 6.0

7 4-0 8.0 8.0

7 4-3 8.0 8.0

7 4-6” 8.0 8.0

7 4-9 8.0 8.0

7 5'-0” 8.0 8.0

7 5-3” 8.0 8.0

7 5'-6” 8.0 8.0

7 5'-9” 7.5 7.5

7 6’-0” 7.5 7.5

7 6’-3” 7.5 7.5

7 6'-6” 7.0 7.0

7 6’-9” 7.0 7.0

7 7-0" 7.0 7.0
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7 7-3 6.5 6.5

7 7-6" 6.5 6.5

7 7-9” 6.5 6.5

7 8-0” 6.0 6.0
7.5 40 9.0 9.0
7.5 4-3 9.0 9.0
7.5 46" 9.0 9.0
7.5 4.9 9.0 9.0
75 5-0” 9.0 9.0
75 5-3” 9.0 9.0
75 5-6” 9.0 9.0
75 5-9” 8.5 8.5
75 6-0” 8.5 8.5
75 6-3” 8.5 8.5
75 6-6” 8.0 8.0
75 6-9” 8.0 8.0
7.5 7-0” 7.5 7.5
7.5 7-3” 7.5 7.5
7.5 7-6” 7.5 7.5
75 7-9 7.0 7.0
75 8-0” 7.0 7.0
75 8-3” 6.5 6.5
75 8-6” 6.5 6.5
75 8-9” 6.5 6.5
75 9-0” 6.0 6.0
75 9-3’ 6.0 6.0
75 9-6” 5.5 5.5

Legend:

** Use for deck slabs on steel girders in negative moment regions when not designed for
negative moment composite action.

Table 17.5-4
Longitudinal Reinforcing Steel for Deck Slabs
on Girders for Deck Replacements, HL-93 Loading, Slab Thickness “T” < 8”
(Only use Table 17.5-4 if Bridge Rating is unacceptable with “T” = 8”)

The longitudinal reinforcing steel presented in Table 17.5-3 and Table 17.5-4 is designed in
accordance with AASHTO LRFD. The tables are developed based on deck concrete with a
28-day compressive strength of f'c = 4 ksi and reinforcing steel with a yield strength of f, = 60
ksi. The dead load includes 20 psf for future wearing surface.
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The reinforcing bars presented in the “Bar Size and Spacing” column (the third column) in
Table 17.5-3 and Table 17.5-4 are for one layer only. Identical steel should be placed in both
the top and bottom layers, except for continuity steel.

17.5.3.3 Empirical Design of Slab on Girders

WisDOT policy item:

Approval from WisDOT is required for use of the empirical design method.

In addition to the traditional design method for decks, as described above, AASHTO also
provides specifications for an empirical design method. This method, which is new to
AASHTO LRFD, does not require the computation of design moments and is simpler to apply
than the traditional design method. However, it is applicable only under specified design
conditions. The empirical design method should not be used on bridge decks with heavy
truck traffic. The empirical design method is described in LRFD [9.7.2].
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17.6 Cantilever Slab Design

For deck slabs on girders, the deck overhang must also be designed. Design of the deck
overhang involves the following two steps:

1. Design for flexure in deck overhang based on strength and extreme event limit states.
2. Check for cracking in overhang based on service limit state.

The locations of the design sections are illustrated in Figure 17.6-1.

Inside Face of Barrier

] ‘
L B |

— > [«— A Design Section for Overhang
Effective Overhang

-

A See Figure 17.5-1

* Edge of deck dimension
= varies for 54W, 72W and
82W prestressed girders.

Figure 17.6-1
Deck Overhang Design Section

As described in LRFD [A13.4], deck overhangs must be designed to satisfy three different
design cases. These three design cases are summarized in Table 17.6-1.

Design Case Applied Loads Limit State Design Locations
Design Horizontal vehicular Extreme At inside face of barrier
Case 1 collision force and Event Il At design section for overhang
dead loads
Design Vertical vehicular Extreme At inside face of barrier
Case 2 collision force and Event Il At design section for overhang
(usually does dead loads
not control)
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Lapping every other bar: use #4's @ 17", As = 0.14 in?/ft, use Detail “A”.

Additional Reinforcement Additional
Detail “A”. Use a Standard Reinforcement
Hook (see Chapter 9). Detail “B”
R 7 | *
| 4 I J = | —_
T N T
I I
Design Section —»: Design Section —»:
| |
Effective Overhang ', A Effective Overhang ', A
A See Figure 17.5-1

* 0q= 1'-0" for a #4 bar
ly= 1'-6" for a #5 bar

Figure 17.6-8
Overhang Reinforcement Details

To reiterate:

1. Details for additional overhang reinforcement are shown in Figure 17.6-8. Detail “A”
shall be used with Table 17.6-2, Table 17.6-3 and Table 17.6-5. Detail “B” shall be
used with Table 17.6-4.

2. Girder Type 1 shall include steel girders and the following prestressed girders; 28-
inch, 36-inch, 36W-inch, 45W-inch. Prestressed girders used for rehabilitation
projects, 45-inch, 54-inch and 70-inch, shall also be considered to be Girder Type 1.
Girder Type 2 shall include the following prestressed girders; 54W-inch, 72W-inch
and 82W-inch.
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17.7 Construction Joints

Optional transverse construction joints are permitted on continuous concrete deck structures
to limit the concrete volume in a single pour. Refer to the Standard Detail for Slab Pouring
Sequence for the optimum slab pouring sequence. On structures over 300 feet long,
transverse construction joints, if used, are to be placed at 0.6 of the span length beyond the
pier in the direction of the pour. For continuous prestressed concrete girder bridges, optional
transverse construction joints should be located midway between the cut-off points for
continuity reinforcing steel or at 0.75 of the span, whichever is closest to the pier.

The rate of placing concrete for continuous steel girders shall equal or exceed 0.5 of the
span length per hour but need not exceed 100 cubic yards per hour. Transverse construction
joints may be omitted with approval of Bureau of Structures.

Optional longitudinal construction joints, if used, are to be approved by the engineer and
preferably located beneath the median or parapet. Otherwise, the joint should be located
along the edge of the lane line. When the width of a superstructure exceeds 90 feet, a
longitudinal construction joint with reinforcement through the joint shall be detailed.
Longitudinal joints should also be at least 6 inches from the edge of the top flange of the
girder. Open joints may be used in a median or between parapets. Consideration should be
given to sealing open joints with compression seals or other sealants. A longitudinal
construction joint detail is provided in the Standard Details.

The structure plans should permit the contractor to propose an alternate construction joint
schedule subject to approval of the engineer.
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18.1 Introduction

18.1.1 General
This chapter considers the following types of concrete structures:
e Flat Slab
e Haunched Slab

A longitudinal slab is one of the least complex types of bridge superstructures. It is
composed of a single element superstructure in comparison to the two elements of the
transverse slab on girders or the three elements of a longitudinal slab on floor beams
supported by girders. Due to simplicity of design and construction, the concrete slab
structure is relatively economical. Its limitation lies in the practical range of span lengths and
maximum skews for its application. For longer span applications, the dead load becomes too
high for continued economy. Application of the haunched slab has increased the practical
range of span lengths for concrete slab structures.

18.1.2 Limitations

Concrete slab structure types are not recommended over streams where the normal water
freeboard is less than 4 feet; formwork removal requires this clearance. When spans exceed
35 feet, freeboard shall be increased to 5 feet above normal water.
All concrete slab structures are limited to a maximum skew of 30 degrees. Slab structures
with skews in excess of 30 degrees, require analysis of complex boundary conditions that
exceed the capabilities of the present design approach used in the Bureau of Structures.
Continuous span slabs are to be designed using the following pier types:

e Piers with pier caps (on columns or shafts)

o Wall type piers
These types will allow for ease of future superstructure replacement. Piers that have columns

without pier caps, have had the columns damaged during superstructure removal. This type
of pier will not be allowed without the approval of the Structures Design Section.
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18.2 Specifications, Material Properties and Structure Type

18.2.1 Specifications

Reference may be made to the design and construction related material as presented in the
following specifications:

e State of Wisconsin, Department of Transportation Standard Specifications for
Highway and Structure Construction

Section 502 - Concrete Bridges
Section 505 - Steel Reinforcement

e Other Specifications as referenced in Chapter 3

18.2.2 Material Properties
The properties of materials used for concrete slab structures are as follows:

fe = specified compressive strength of concrete at 28 days, based on cylinder
tests

4 ksi, for concrete slab superstructure

3.5 ksi, for concrete substructure units

fy = 60 ksi, specified minimum yield strength of reinforcement (Grade 60)
Es = 29,000 ksi, modulus of elasticity of steel reinforcement LRFD [5.4.3.2]
E. = modulus of elasticity of concrete in slab LRFD [5.4.2.4]

= 33,000 K; we'? (F.)'"2 = 3800 ksi

Where:
K1 = 1.0
We = 0.150 kcf, unit weight of concrete
n = Es/E; =8 LRFD[5.7.1] (modular ratio)

18.2.3 Structure Type and Slab Depth

Prepare preliminary structure data, looking at the type of structure, span lengths,
approximate slab depth, skew, roadway width, etc.. The selection of the type of concrete slab
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Where:
E = equivalent distribution width (ft)

Look at the distribution factor (for axle loads) calculated for each span and select the largest
value. This single value is to be applied along the entire length of the bridge.

Compute the distribution factor associated with tributary portion of design lane load, to be
applied to full lane load: LRFD [3.6.1.2.4]

(SWL)
(10ft laneload width)
DF =

(E)
Where:
E = equivalent distribution width (ft)
SWL = slab width loaded (ft) > O.

E — (distance from edge of slab to inside face of barrier or sidewalk)

Look at the distribution factor (for lane load) calculated for each span and select the largest
value. This single value is to be applied along the entire length of the bridge.

18.4.6 Longitudinal Slab Reinforcement

The concrete cover on the top bars is 2 %2 inches, which includes a % inch wearing surface.
The bottom bar cover is 1 2 inches. Minimum clear spacing between adjacent longitudinal
bars is 3 2 inches. The maximum center to center spacing of adjacent bars shall not exceed
1.5 times the thickness of the slab or 18.0 inches LRFD [5.10.3.2]. When bundled bars are
used, see LRFD [5.10.3.1.5,5.11.2.3,5.11.5.2.1].

18.4.6.1 Design for Strength
Strength Limit State considerations and assumptions are detailed in LRFD [5.5.4, 5.7.2].

The area of longitudinal slab reinforcement, As , should be designed for strength at maximum
moment locations along the structure, and for haunched slab structures, checked for strength
at the haunch/slab intercepts. The area should also be checked for strength at bar
reinforcement cutoff locations. This reinforcement should be designed for interior and exterior
strips (edge beams) in both positive and negative moment regions. The reinforcement in the
exterior strip is always equal to or greater than that required for the slab in an interior strip.
Compare the reinforcement to be used for each exterior strip and select the strip with the
largest amount of reinforcement (in?ft). Use this reinforcement pattern for both exterior strips
to keep the bar layout symmetrical. Concrete parapets, curbs, sidewalks and other
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appurtenances are not to be considered to provide strength to the edge beam LRFD [9.5.1].
The total factored moment, M, , shall be calculated using factored loads described in
18.3.3.1 for Strength | Limit State. Then calculate the coefficient of resistance, R, :

Ry =M,/ ¢ b dg?

Where:
) = 0.90 (see 18.3.3.2)
b = 12 in (for a 1 foot design slab width)
ds = slab depth (excl. Y2 inch wearing surface) — bar clearance — 2 bar

diameter (in)
Calculate the reinforcement ratio, p, using (R, vs. p) Table 18.4-3 .
Then calculate required area,
As = p (b) (ds)
Area of bar reinforcement per foot of slab width can be found in Table 18.4-4 .
The factored resistance, M, , or moment capacity, shall be calculated as in 18.3.3.2.1.
Then check that, M, < M, is satisfied.

The area of longitudinal reinforcement, A , should also be checked for moment capacity
(factored resistance) along the structure, to make sure it can handle factored moments due
to applied dead load (including future wearing surface) and the Wisconsin Standard Permit
Vehicle (Wis-SPV) (with a minimum gross vehicle load of 190 kips) on an interior strip. This
requirement is stated in 17.1.2.1. See Chapter 45 for details on checking the capacity of the
structure for this Permit Vehicle.

18.4.6.2 Check for Fatigue
Fatigue Limit State considerations and assumptions are detailed in LRFD [5.5.3, 5.7.1, 9.5.3]

The area of longitudinal slab reinforcement, As , should be checked for fatigue stress range
at locations where maximum stress range occurs along the structure, and for haunched slab
structures, checked at the haunch/slab intercepts. The area should also be checked for
fatigue stress range at bar reinforcement cutoff locations using Fatigue | Limit State. Check
the reinforcement in an interior strip, where the largest number of fatigue cycles will occur.

Fatigue life of reinforcement is reduced by increasing the maximum stress level, bending of
the bars and splicing of reinforcing bars by welding.
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E18-1 Continuous 3-Span Haunched Slab - LRFD

A continuous 3-span haunched slab structure is used for the design example. The same basic

procedure is applicable to continuous flat slabs. The AASHTO LRFD Bridge Design

Specifications are followed as stated in the text of this chapter. Design using a slab width equal
| to one foot. (Example is current through LRFD Fifth Edition - 2010 Interim)

E18-1.1 Structure Preliminary Data

- 42'-10 34" %
22'-0" | 18'-0" 5
i
|
- «1'-53/8" (Typ.) !
Concrete
[Sloped Face Haunched SlabS N
| Parapet ‘LF’ (Typ.) -—
1'-3" (Typ.)*> i=

LJ Pier CapJ‘LJ u

(2'-6" x 2'-6")
Figure E18.1

Section Perpendicular to Centerline

Live Load: HL-93
(Al) Fixed Abutments at both ends
Parapets placed after falsework is released

Geometry:
L, :=38.0 ft Span 1
L, := 51.0 ft Span 2
Lz :=38.0 ft Span 3

slabyigih := 42.5 ft  out to out width of slab
skew = 6 deg skew angle (RHF)
Wroadway = 40.0 ft  clear roadway width

Material Properties: (See 18.2.2)
fo:=4 Kksi concrete compressive strength
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fy := 60 ksi yield strength of reinforcement
Ec := 3800 kKsi modulus of elasticity of concrete
Eg := 29000 Kksi modulus of elasticity of reinforcement
n:=38 Es/ Ec (modular ratio)
Weights:
w¢ := 150 pcf concrete unit weight
W g := 387 plf weight of Type LF parapet (each)

E18-1.2 LRFD Requirements

For concrete slab design, the slab dimensions and the size and spacing of reinforcement shall
be selected to satisfy the equation below for all appropriate Limit States: (See 18.3.2.1)

Q=Ii71irQi < ¢-Ry=Ry (Limit States Equation)

The value of the load modifier is:
N = 1.0 for all Limit States (See 18.3.2.2)

The force effect, Qj, is the moment, shear, stress range or deformation caused by applied
loads.

The applied loads from LRFD [3.3.2] are:

DC = dead load of slab (DC,,,), ¥ inch wearing surface (DC, ,.,s) and parapet dead load
(DCpara) - (See E18-1.3)

DW = dead load of future wearing surface (DW,,s) - (See E18-1.3)
LL+IM = vehicular live load (LL) with dynamic load allowance (IM) - (See E18-1.4)

The Influence of ADTT and skew on force effects, Q;, are ignored for slab bridges (See
18.3.2.2).

The values for the load factors, y;, (for each applied load) and the resistance factors, ¢, are
found in Table E18.1.

The total factored force effect, Q , must not exceed the factored resistance, R,. The nominal
resistance, Ry, is the resistance of a component to the force effects.
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458" 45.8

l l
6'-0

Figure E18.16
Design Truck Reaction

Design Lane Load Reaction (IM not applied to Lane Load):

(35.)kip 3 51@

(10)_ftlane ~ "7t
3.51 k/ft.
VY YV YYY IV VY YYIYYIYIYY
B 10-0 N

Figure E18.17
Design Lane Load Reaction

This live load is carried by the pier cap and a transverse beam represented by a portion of the
slab over the pier.

Using influence lines for a 3-span continuous beam, the following results are obtained. The
multiple presence factor (m) is 1.0 for (2) loaded lanes. LRFD [3.6.1.1.2].

Calculate the positive live load moment, M, ,,,.at (0.4 pt.) of Exterior Span

Because lane width of (10 ft) is almost equal to the span length (13.07 ft), for simplicity place
uniform lane load reaction across the entire span, as shown in Figure E18.18.

v Keo W ws=as8kwheel , W o W
U = 3.51 k/ft
TA 0.40 0.86 TB TC 0.40 0.864AD
B 3 Eq. Spa. @ 13-1" = 39'-3"

Figure E18.18
Live Load Placement for +M

LL+IM
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M, sy = (0.2042 +0.0328 + 0.0102 + 0.0036)(45.8)(13.07) + (0.100)(3.51)(13.07)2

=150.1 + 60.0
=210.1 kip-ft (Max + M, in Ext. Span - 0.4 pt.)

Calculate the negative live load moment, M, , _at C/L of column B

Because lane width of (10 ft) is almost equal to the span length (13.07 ft), for simplicity place
uniform lane load reaction across the entire span, as shown in Figure E18.19.

o
-t L ] -t

U U = 3.51 kft
| [T T T T NI T T T T T T TINT T T T T T T I T T T T T T T T IITITT

| Al o3t 0.77 “Bo.zs 0.69 “c b

3~
W oan W W oan W
L 60 { ‘OL‘ 60 ] W = 45.8 kiwheel

3 Eq. Spa. @ 13-1 = 39'-3

Figure E18.19

Live Load Placement for -M, .,

M, .y = (0.07448 +0.08232 + 0.0679 + 0.0505)(45.8)(13.07) + (0.1167)(3.51)(13.07)2

=164.7 +70.0
=234.7 kip-ft (Max - M, at C/L of column B)

It is assumed for this example that adequate shear transfer has been achieved LRFD [5.8.4]
between transverse slab member and pier cap and that they will perform as a unit. Therefore,
"FWS + para (DL)" and "LL + IM" will be acting on a member made up of the pier cap and the
transverse slab member. Designer must insure adequate transfer if using this approach.

Calculate section width, bpos, and effective depth, dpos , In positive moment region, for the pier

cap and the transverse slab member acting as a unit (See Figure E18.20):

b,0s = Width of slab section = 1/2 center to center column spacing or 8 feet, whichever is

smaller (See 18.4.7.2).

(C/L - C/L) column spacing x (1/2) = 6.5 ft < 8.0 ft in

d .=D + cap depth - bott. clr. - stirrup dia. - 1/2 bar dia.

pos haunch

dpos = 28 + 30 — 1.5~ 0.625 — 0.44 dpos = 55.44 | in

Calculate section width, bneg, and effective depth, dneg , in negative moment region, for the pier

cap and the transverse slab member acting as a unit (See Figure E18.20):
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19.3 Pretensioned Member Design

This section outlines several important considerations associated with the design of
conventional pretensioned members.

19.3.1 Design Strengths

The typical specified design strengths for pretensioned members are:

Prestressed I-girder concrete: fe =610 8ksi
Prestressed box girder concrete: fe  =5Kksi

Prestressed concrete (at release): feg =0.75100.851:<6.8
Deck and diaphragm concrete: e = 4 ksi

Prestressing steel: fou =270 ksi

Grade 60 reinforcement: fy =60 Kksi

The actual required compressive strength of the concrete at prestress transfer, g, is to be
stated on the plans. For typical prestressed girders, f min) is 0.75(fc).

WisDOT policy item:

The use of concrete with strength greater than 8 ksi is only allowed with the prior approval of the
BOS Development Section. Occasional use of strengths up to 8.5 ksi may be allowed.
Strengths exceeding these values are difficult for local fabricators to consistently achieve as the
coarse aggregate strength becomes the controlling factor.

The use of 8 ksi concrete for I-girders and 6.8 ksi for f'; still allows the fabricator to use a 24-
hour cycle for girder fabrication. There are situations in which higher strength concrete in the
I-girders may be considered for economy, provided that f'; does not exceed 6.8 ksi. Higher
strength concrete may be considered if the extra strength is needed to avoid using a less
economical superstructure type or if a shallower girder can be provided and its use justified
for sufficient reasons (min. vert. clearance, etc.) Using higher strength concrete to eliminate
a girder line is not the preference of the Bureau of Structures. It is often more economical to
add an extra girder line than to use debonded strands with the minimum number of girder
lines. After the number of girders has been determined, adjustments in girder spacing should
be investigated to see if slab thickness can be minimized and balance between interior and
exterior girders optimized.

Prestressed I-girders below the required 28-day concrete strength (or 56-day concrete
strength for ', = 8 ksi) will be accepted if they provide strength greater than required by the
design and at the reduction in pay schedule in the Wisconsin Standard Specifications for
Highway and Structure Construction.

Low relaxation prestressing strands are required.
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19.3.2 Loading Stages

The loads that a member is subjected to during its design life and those stages that generally
influence the design are discussed in LRFD [5.9] and in the following sections. The allowable
stresses at different loading stages are defined in LRFD [5.9.3] and LRFD [5.9.4].

19.3.2.1 Prestress Transfer

Prestress transfer is the initial condition of prestress that exists immediately following the
release of the tendons (transfer of the tendon force to the concrete). The eccentricity of the
prestress force produces an upward camber. In addition, a stress due to the dead load of the
member itself is also induced. This is a stage of temporary stress that includes a reduction in
prestress due to elastic shortening of the member.

19.3.2.2 Losses

After elastic shortening losses, the external loading is the same as at prestress transfer.
However, the internal stress due to the prestressing force is further reduced by losses
resulting from relaxation due to creep of the prestressing steel together with creep and
shrinkage of the concrete. It is assumed that all losses occur prior to application of service
loading.

LRFD [5.9.5] provides guidance about prestress losses for both pretensioned and post-
tensioned members. This section presents a refined and approximate method for the
calculation of time-dependent prestress losses such as concrete creep and shrinkage and
prestressing steel relaxation.

WisDOT policy item:

WisDOT policy is to use the approximate method described in LRFD [5.9.5.3] to determine
time-dependent losses, since this method does not require the designer to assume the age of
the concrete at the different loading stages.

Losses for pretensioned members that are considered during design are listed in the
following sections.

19.3.2.2.1 Elastic Shortening

Per LRFD [5.9.5.2.34a], the loss due to elastic shortening, Af ., (ksi), in pretensioned concrete
members shall be taken as:

E
AprSl= E_;fcgp
Where:
E = Modulus of elasticity of prestressing steel = 28,500 ksi LRFD

3
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[5.4.4.2]

E, = Modulus of elasticity of concrete at transfer or time of load
application in ksi (see 19.3.3.8)

f = Concrete stress at the center of gravity of prestressing tendons

gcp

due to the prestressing force immediately after transfer and the
self-weight of the member at the section of maximum moment
(ksi)

19.3.2.2.2 Time-Dependent Losses

Per LRFD [5.9.5.3], an estimate of the long-term losses due to steel relaxation as well as
concrete creep and shrinkage on standard precast, pretensioned members shall be taken as:

A,
AprTz ’IO.OA—yhyst +12.0y,y, + Apr

9

Where:
vy, =1.7-0.01H
5
RGN
. = Prestressing steel stress immediately prior to transfer (ksi)
H = Average annual ambient relative humidity in %, taken as 72% in
Wisconsin
Af = Relaxation loss estimate taken as 2.5 ksi for low relaxation

pR

strands or 10.0 ksi for stress-relieved strands (ksi)

The losses due to elastic shortening must then be added to these time-dependent losses to
determine the total losses. For members made without composite deck slabs such as box
girders, time-dependent losses shall be determined using the refined method of LRFD
[5.9.5.4]. For non-standard members with unusual dimensions or built using staged
segmental construction, the refined method of LRFD [5.9.5.4] shall also be used.

19.3.2.2.3 Fabrication Losses

Fabrication losses are not considered by the designer, but they affect the design criteria used
during design. Anchorage losses which occur during stressing and seating of the prestressed
strands vary between 1% and 4%. Losses due to temperature change in the strands during
cold weather prestressing are 6% for a 60°F change. The construction specifications permit a
5% difference in the jack pressure and elongation measurement without any adjustment.
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19.3.2.3 Service Load

During service load, the member is subjected to the same loads that are present after
prestress transfer and losses occur, in addition to the effects of the I-girder and box girder
load-carrying behavior described in the next two sections.

19.3.2.3.1 |-Girder

In the case of an I-girder, the dead load of the deck and diaphragms are always carried by
the basic girder section on a simple span. At strand release, the girder dead load moments
are calculated based on the full girder length. For all other loading stages, the girder dead
load moments are based on the span length. This is due to the type of construction used
(that is, nonshored girders simply spanning from one substructure unit to another for single-
span as well as multi-span structures).

The live load plus dynamic load allowance along with any superimposed dead load (curb,
parapet or median strip which is placed after the deck concrete has hardened) are carried by
the continuous composite section.

WisDOT exception to AASHTO:

The standard pier diaphragm is considered to satisfy the requirements of LRFD [5.14.1.4.5] and
shall be considered to be fully effective.

In the case of multi-span structures with fully effective diaphragms, the longitudinal
distribution of the live load, dynamic load allowance and superimposed dead loads are based
on a continuous span structure. This continuity is achieved by:

a. Placing non-prestressed (conventional) reinforcement in the deck area over
the interior supports.

b. Casting concrete between and around the abutting ends of adjacent girders to
form a diaphragm at the support. Girders shall be in line at interior supports
and equal numbers of girders shall be used in adjacent spans. The use of
variable numbers of girders between spans requires prior approval by BOS.

If the span length ratio of two adjacent spans exceeds 1.5, the girders are designed as
simple spans. In either case, the stirrup spacing is detailed the same as for continuous spans
and bar steel is placed over the supports equivalent to continuous span design. It should be
noted that this value of 1.5 is not an absolute structural limit.

19.3.2.3.2 Box Girder

In the case of slabs and box girders with a bituminous or thin concrete surface, the dead load
together with the live load and dynamic load allowance are carried by the basic girder
section.

When this girder type has a concrete floor, the dead load of the floor is carried by the basic
section and the live load, dynamic load allowance and any superimposed dead loads are
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A, = 212'\('1" (with units as shown below)
i'b
Where:
A, = Deflection due to force in the straight strands minus elastic
shortening loss (in)
L = Span length between centerlines of bearing (ft)
Ei = Modulus of elasticity at the time of release (see 19.3.3.8) (ksi)

| = Moment of inertia of basic beam (in*)

The draped strands induce the following moments at the ends and within the span:

M, = i(PiD (A —C)), which produces upward deflection, and

12

M, = i(Pf’ (A - yB)), which produces downward deflection when A is greater than yg

12
Where

Mo, = Components of moment due to initial prestress force in the draped

Ms strands minus the elastic shortening loss (k-ft)

PP = Initial prestress force in the draped strands minus the elastic
shortening loss (kips)

A = Distance from bottom of beam to center of gravity of draped
strands at centerline of bearing (in)

C = Distance from bottom of beam to center of gravity of draped

strands between hold-down points (in)

These moments produce a net upward deflection at midspan, which is given by:

2
L _216L (émz —Msj

> EJl, \27

i'b

Where:

A Deflection due to force in the draped strands minus elastic

shortening loss (in)

D
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The combined upward deflection due to prestress is:

216L* 23
Aps =A + A, = E (M1 +EM2 —MJ

i'b

Where:

Aps = Deflection due to straight and draped strands (in)

The downward deflection due to beam self-weight at release is:

5w,
°®) " 384E |,

(with all units in inches and kips)

Using unit weights in kip per foot, span lengths in feet, E in ksi and I, in inches”, this equation
becomes the following:

A = 5w,L* 1120 5W,L* (20736
° 384E|, \12 \ 1 384E |, \ 12

4
ooL) = 22;# (with units as shown below)
Where:
A o) = Deflection due to beam self-weight at release (in)
W, = Beam weight per unit length (k/ft)

Therefore, the anticipated prestress camber at release is given by:
Ai = APS _AO(DL)
Where:
A, = Prestress camber at release (in)
Camber, however, continues to grow after the initial strand release. For determining

substructure beam seats, average concrete haunch values (used for both DL and quantity
calculations) and the required projection of the vertical reinforcement from the tops of the
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prestressed girders, a camber multiplier of 1.4 shall be used. This value is multiplied by
the theoretical camber at release value.

19.3.3.18.2 Dead Load Deflection
The downward deflection due to the dead load of the deck and midspan diaphragm is:

_ 5V\ldeck|—4 + I:)diaL3

A =
Y 384El,  48El,

(with all units in inches and Kips)

Using span lengths in units of feet, unit weights in kips per foot, E in ksi, and |, in inches”, this
equation becomes the following:

o L BWallt(1Y12¢) Pyl (12°) 5W,,L° (20736) P,L° (1728
* " 384El, (12 1 ) 48EI ( 1 384El, \ 12 ) 48El | 1

ooL) = 22.5W.L + 36P.,L (with units as shown below)
El El
Where:
Ao = Deflection due to non-composite dead load (deck and midspan
diaphragm) (in)
W, = Deck weight per unit length (k/ft)
P.. = Midspan diaphragm weight (kips)
E = Girder modulus of elasticity at final condition (see 19.3.3.8) (ksi)

A similar calculation is done for parapet and sidewalk loads on the composite section.
Provisions for deflections due to future wearing surface shall not be included.

For girder structures with raised sidewalks, loads shall be distributed as specified in Chapter

17, and separate deflection calculations shall be performed for the interior and exterior
girders.

19.3.3.18.3 Residual Camber
Residual camber is the camber that remains after the prestress camber has been reduced by

the composite and non-composite dead load deflection. Residual camber is computed as
follows:

RC=A, _Anc(DL) _AC(DL)
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19.3.4 Deck Forming

Deck forming requires computing the relationship between the top of girder and bottom of
deck necessary to achieve the desired vertical roadway alignment. Current practice for
design is to use a minimum haunch of 2" at the edge of the girder flange. This haunch value
is also used for calculating composite section properties. This will facilitate current deck
forming practices which use 1/2" removable hangers and 3/4" plywood, and it will allow for
variations in prestress camber. Also, future deck removal will be less likely to damage the top
girder flanges. An average haunch height of 3 inches minimum can be used for determining
haunch weight for preliminary design. It should be noted that the actual haunch values
should be compared with the estimated values during final design. If there are significant
differences in these values, the design should be revised. The actual average haunch height
should be used to calculate the concrete quantity reported on the plans as well as the value
reported on the prestressed girder details sheet. The actual haunch values at the girder
ends shall be used for determining beam seat elevations.

For designs involving vertical curves, Figure 19.3-6 shows two different cases.
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36.1 Design Method

36.1.1 Design Requirements

All new box culverts are to be designed using AASHTO LRFD Bridge Design Specifications,
hereafter referred to as AASHTO LRFD.

36.1.2 Rating Requirements

The current version of AASHTO LRFR does not cover rating of concrete box culverts. See
45.8 for values to place on the plans for inventory and operating rating factors.

WisDOT Policy ltem:

Current WisDOT policy is to not rate box culverts. In the future, rating requirements will be
introduced as AASHTO LRFR is updated to address box culverts.

36.1.3 Standard Permit Design Check

New structures are also to be checked for strength for the 190 kip Wisconsin Standard
Permit Vehicle (Wis-SPV), with a single lane loaded, multiple presence factor equal to 1.0,

and a live load factor (1) equal to 1.5. See section 45.6 for the configuration of the Wis-
SPV. The structure should have a minimum capacity to carry a gross vehicle load of 190
kips, while also supporting the future wearing surface (where applicable — future wearing
surface loads are only applied to box culverts with no fill). When applicable, this truck will be
designated as a Single Trip Permit Vehicle. It will have no escorts restricting the presence of
other traffic on the culvert, no lane position restrictions imposed and no restrictions on speed
to reduce the dynamic load allowance, IM. The maximum Wisconsin Standard Permit
Vehicle load that the structure can resist, calculated including current wearing surface loads,
is shown on the plans. The current version of AASHTO LRFR does not cover rating of
concrete box culverts. See 45.8 for values to place on the plans for maximum (Wis-SPV)
vehicle load.
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36.2 General

Box culverts are reinforced concrete closed rigid frames which must support vertical earth
and truck loads and lateral earth pressure. They may be either single or multi-cell. The most
common usage is to carry water under roadways, but they are frequently used for pedestrian
or cattle underpasses.

The minimum size for pedestrian underpasses is 8 feet high by 5 feet wide. The minimum
size for cattle underpasses is 6 feet high by 5 feet wide. A minimum vertical opening of 5
feet is desirable for concrete box culverts for cleaning purposes.

Aluminum box culverts are not permitted by the Bureau of Structures.

Typical sections for the most frequently used box culverts are shown below.

A

/

w w w

— fo — fo

SINGLE CELL TWIN CELL TRIPLE CELL

Figure 36.2-1
Typical Cross Sections

Hydraulic and other requirements at the site determine the required height and area of the
box. Hydraulic design of box culverts is described in Chapter 8. Once the required height and
area is determined, the selection of a single or multi-cell box is determined entirely from
economics. Barrel lengths are computed to the nearest 6 inches. For multi-cell culverts the
cell widths are kept equal.

36.2.1 Material Properties
The properties of materials used for concrete box culverts are as follows::

f'e = specified compressive strength of concrete at 28 days, based on cylinder
tests

= 3.5 ksi for concrete in box culverts

fy = 60 ksi, specified minimum yield strength of reinforcement (Grade 60)
Es = 29,000 ksi, modulus of elasticity of steel reinforcement LRFD [5.4.3.2]
E. = modulus of elasticity of concrete in box LRFD [5.4.2.4]
= (33,000)(K+)(we)"*(fc)"? = 3586 ksi
Where:
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K1 = 1.0

W¢ 0.15 kcf, unit weight of concrete

n Es / Ec = 8, modular ratio LRFD [5.7.1]

36.2.2 Bridge or Culvert

Occasionally, the waterway opening(s) for a highway-stream crossing can be provided for by
either culvert(s) or bridge(s). Consider the hydraulics of the highway-stream crossing system
in choosing the preferred design from the available alternatives. Estimates of life cycle costs
and risks associated with each alternative help indicate which structure to select. Consider
construction costs, maintenance costs, and risks of future costs to repair flood damage.
Other considerations which may influence structure-type selection are listed in Table 36.2-1.

Bridges
Advantages Disadvantages
Less susceptible to clogging | Require more structural
with drift, ice and debris maintenance than culverts
Waterway width increases
with rising water surface Piers and abutments
until water begins to susceptible to scour failure

submerge structure

Susceptible to ice and frost
forming on deck

Culverts

Natural bottom for waterway

Grade rises and widening
projects sometimes can be
accommodated by
extending culvert ends

Silting in multiple barrel
culverts may require
periodic cleanout

No increase in waterway
area as stage rises above
top of culvert

Usually easier and quicker May clog with drift, debris or
to build than bridges ice

Minimum structural
maintenance

Table 36.2-1
Advantages/Disadvantages of Structure Type

36.2.3 Staged Construction for Box Culverts

The inconvenience to the traveling public has often led to staged construction projects. Box
culverts typically work well with staged construction. Any cell joint can be used for a staging
joint. When the construction staging line cannot be determined in design to locate a cell
joint, a contractor placed construction joint can be done with an extra set of dowel bars and
the contractor field cutting the longitudinal bars.
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36.3 Limit States Design Method

36.3.1 LRFD Requirements

For box culvert design, the component dimensions and the size and spacing of reinforcement
shall be selected to satisfy the following equation for all appropriate limit states, as presented

in LRFD [1.3.2.1]:

Q=217 Q=s¢R, =R,

Where:

Ni

Load modifier (a function of np, N, and n;)
Load factor

Force effect: moment, shear, stress range or deformation caused by
applied loads

Total factored force effect
Resistance factor
Nominal resistance: resistance of a component to force effects

Factored resistance = ¢R,

See 17.2.2 for load modifier values.

36.3.2 Limit States

The Strength | Limit State is used to design reinforcement for flexure and checking shear in
the slabs and walls, LRFD [12.5.3]. The Service | Limit State is used for checking
reinforcement for crack control criteria, LRFD [12.5.2], and checking settlement of the box
culvert as shown in 36.8.1.

Per LRFD [C12.5.3, 5.5.3], buried structures have been shown not to be controlled by

fatigue.

WisDOT Policy ltem:

Fatigue criteria are not required on any reinforced concrete box culverts, with or without fill on
the top slab of the culvert. This policy item is based on the technical paper titled “Fatigue
Evaluation for Reinforced Concrete Box Culverts” by H Hany Maximos, Ece Erdogmus, and
Maher Tadros, published in the ACI Structural Journal, January/February 2010.
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36.3.3 Load Factors

In accordance with LRFD [Table 3.4.1-1 and Table 3.4.1-2], the following Strength | load
factors, ys, and Service | load factors, ys1, shall be used for box culvert design:

Strength | Service |
Load Factor, ys Load Factor, ysq

Type of Load Max. Min.

Dead Load-Components DC 1.25 0.90 1.0
Dead Load-Wearing Surface DW 1.50 0.65 1.0
Vertical Earth Pressure EV 1.35 0.90 1.0
Horizontal Earth Pressure EH 1.50 0.50" 1.0
Live Load Surcharge LS 1.75 1.75 1.0
Live Load + IM LL+IM 1.75 1.75 1.0

'Per LRFD [3.11.7], for culverts where earth pressure may reduce effects caused by other
loads, a 50% reduction may be used, but not combined with the minimum load factor

specified in LRFD [Table 3.4.1-2].

36.3.4 Strength Limit State

Strength | Limit State shall be applied to ensure that strength and stability are provided to
resist the significant load combinations that a structure is expected to experience during its

design life LRFD [1.3.2.4].

36.3.4.1 Factored Resistance

The resistance factor, ¢, is used to reduce the computed nominal resistance of a structural
element. This factor accounts for the variability of material properties, structural dimensions
and workmanship, and uncertainty in prediction of resistance.

The resistance factors, ¢, for reinforced concrete box culverts for the Strength Limit State per

LRFD [Table 12.5.5-1] are as shown below:

Structure Type Flexure
Cast-In-Place 0.90
Precast 1.00
Three-Sided 0.95

Shear

0.85
0.90

0.90

January 2011
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36.3.4.2 Moment Capacity

For rectangular sections, the nominal moment resistance, M,, per LRFD [5.7.3.2.3] (tension
reinforcement only) equals:

a
M, =Af (d -—
n s'Ss ( S 2)
The factored resistance, M;, or moment capacity per LRFD [5.7.3.2.1], shall be taken as:
a
Ml‘ =(I)Mn =(I)ASfS (ds -E)
For additional information on concrete moment capacity, including stress and strain
assumptions used, refer to 18.3.3.2.1.
The location of the design moment will consider the haunch dimensions in accordance with

LRFD [12.11.4.2]. No portion of the haunch shall be considered in adding to the effective
depth of the section.

36.3.4.3 Shear Capacity

Per LRFD [12.11.4.1], shear in culverts shall be investigated in conformance with LRFD
[5.14.5.3]. The location of the critical section for shear for culverts with haunches shall be
determined in conformance with LRFD [C5.13.3.6.1] and shall be taken at a distance d, from
the end of the haunch.

36.3.4.3.1 Depth of Fill greater than or equal to 2.0 ft.

The shear resistance of the concrete, V., for slabs of box culverts with 2.0 feet or more of fill,
for one-way action per LRFD [5.14.5.3] shall be determined as:

V, =(0.0676 f' +4.6 tﬁ; %dee <0.126,/f bd,

Where:

Vude < 1

u

Where:

=
1

Shear resistance of the concrete (kip)

Area of reinforcing steel in the design width (in?)

F
1l
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de = Effective depth from extreme compression fiber to the centroid of the
tensile force in the tensile reinforcement (in.)

Vy = Factored shear (kip)
M, = Factored moment, occurring simultaneously with V,, (kip-in)
b = Design width (in.)

In the absence of shear reinforcing, the nominal shear resistance is equal to the shear
resistance of the concrete. The factored resistance, V,, or shear capacity, per LRFD [5.8.2.1]
shall be taken as:

V.=V, =4V,

Per LRFD [5.14.5.3], for single-cell box culverts only, Vc for slabs monolithic with walls need
not be taken less than:

0.0948,/f' bd,
and V. for slabs simply supported need not be taken less than:
0.0791,/f' .bd,

The shear resistance of the concrete, V., for walls of box culverts with 2.0 feet or more of fill,
for one-way action per LRFD [5.8.3.3] shall be determined as:

V. =0.03168,/f _b.d, <0.25f' b d,

Where
Ve = Shear resistance of the concrete (kip)
B = 2.0 (LRFD [5.8.3.4.1])
by = Effective web width taken as the minimum web width within the depth d,
(in.)
dy = Effective shear depth as determined in LRFD [5.8.2.9]. Perpendicular

distance between tension and compression resultants. Need not be
taken less than the greater of 0.9d, or 0.72h (in.)
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36.3.4.3.2 Depth of Fill less than 2.0 ft

Per LRFD [5.14.5.3], for box culverts with less than 2.0 feet of fill follow LRFD [5.8] and
LRFD [5.13.3.6].

The shear resistance of the concrete, V., for slabs and walls of box culverts with less than
2.0 feet of fill, for one-way action per LRFD [5.8.3.3] shall be determined as:

V., =0.0316Bf'.b.d, <0.25f' b,d,

With variables defined above in 36.3.4.3.1.

For box culverts where the top slab is an integral part of the wearing surface (depth of fill
equal zero) the top slab shall be checked for two-way action, as discussed in 18.3.3.2.2.

36.3.5 Service Limit State

Service | Limit State shall be applied as restrictions on stress, deformation, and crack width
under regular service conditions LRFD [1.3.2.2].

36.3.5.1 Factored Resistance

The resistance factor, ¢, for Service Limit State, is found in LRFD [1.3.2.1] and its value is
1.00.

36.3.5.2 Crack Control Criteria

Per LRFD [12.11.3], the provisions of LRFD [5.7.3.4] shall apply to crack width control in box
culverts. All reinforced concrete members are subject to cracking under any load condition,
which produces tension in the gross section in excess of the cracking strength of the
concrete. Provisions are provided for the distribution of tension reinforcement to control
flexural cracking.

Crack control criteria does not use a factored resistance, but calculates a maximum spacing
for flexure reinforcement based on service load stress in bars, concrete cover and exposure
condition.

Crack control criteria shall be applied when the tension in the cross-section exceeds 80% of
the modulus of rupture, f,, specified in LRFD [5.4.2.6] for Service | Limit State. The spacing,
s, (in inches) of mild steel reinforcement in the layer closest to the tension face shall satisfy:

s <190 oy
Bsfss (|n)
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in which:
P
0.7(h—d,)
Where
Yo = Exposure factor
(1.0 for Class 1 exposure condition, 0.75 for Class 2 exposure condition,
see LRFD [5.7.3.4] for guidance)
dc = Thickness of concrete cover measured from extreme tension fiber to
center of the flexural reinforcement located closest thereto (in.)
fss = Tensile stress in steel reinforcement at the service limit state (ksi)
h = Overall thickness or depth of the component (in.)

WisDOT Policy ltem:

A class 1 exposure factor, yo = 1.0, shall be used for all cases for cast-in-place box culverts
except for the top steel in the top slab of a box culvert with zero fill, where a class 2 exposure
factor, yo = 0.75, shall be used.

36.3.6 Minimum Reinforcement Check

Per LRFD [12.11.4.3], the area of reinforcement, A, in the box culvert cross-section should
be checked for minimum reinforcement requirements per LRFD [5.7.3.3.2].

The area of tensile reinforcement shall be adequate to develop a factored flexural resistance,
M;, or moment capacity at least equal to the lesser of:

1.2Mg (or) 1.33M,

Where:
c
Where:
fr - 0.37\/E Modulus of rupture (ksi) LRFD [5.4.2.6]
lg = Gross moment of inertia (in)
C = 2 *effective slab thickness (in.)
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My

Total factored moment using Strength | Limit State (kip-in)

Me: Cracking strength moment (kip-in)

The factored resistance, M, or moment capacity, shall be calculated as in 36.3.4.2 and shall
satisfy:

M, >min(1.2M,1.33M, )

cr?

36.3.7 Minimum Spacing of Reinforcement

Per LRFD [5.10.3.1], the clear distance between parallel bars in a layer shall not be less
than:

¢ 1.5 times the nominal diameter of the bars
o 1.5 times the maximum size of the course aggregate

e 1.5inches

36.3.8 Maximum Spacing of Reinforcement
Per LRFD [5.10.3.2], the spacing of reinforcement in walls and slabs shall not exceed:
e 1.5 times the thickness of the member

e 18 inches

36.3.9 Edge Beams

Per LRFD [12.11.2.1], for cast-in-place box culverts, and for precast box culverts with top
slabs having span to thickness ratios (s/t) > 18 or segment lengths < 4.0 feet, edge beams
shall be provided as specified in LRFD [4.6.2.1.4] as follows:

e At ends of culvert runs where wheel loads travel within 24.0 inches from the end of
the culvert

e At expansion joints of cast-in-place culverts where wheel loads travel over or adjacent
to the expansion joint

The edge beam provisions are only applicable for culverts with less than 2.0 ft of fill, LRFD
[C12.11.2.1].
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36.4 Design Loads

36.4.1 Self Weight (DC)

Include the structure self weight based on a unit weight of concrete of 0.150 kcf. When there
is no fill on the top slab of the culvert, the top slab thickness includes a 2" wearing surface.
The weight of the wearing surface is included in the design, but its thickness is not included
in the section properties of the top slab. When designing the bottom slab of a culvert do not
forget that the weight of the concrete in the bottom slab acts in an opposite direction than the
bottom soil pressure and thus reduces the design moments and shears. This load is
designated as, DC, dead load of structural components and nonstructural attachments, for
application of load factors and limit state combinations.

36.4.2 Future Wearing Surface (DW)

If the fill depth over the culvert is greater than zero, the weight of the future wearing surface
shall be taken as zero. If there is no fill depth over the culvert, the weight of the future
wearing surface shall be taken as 20 psf. This load is designated as, DW, dead load of
wearing surfaces and utilities, for application of load factors and limit state combinations.

36.4.3 Vertical and Horizontal Earth Pressure (EH and EV)

WisDOT Policy ltem:

Box Culverts are assumed to be rigid frames. Use Vertical Earth Pressure load factors for rigid
frames, in accordance with LRFD [Table 3.4.1-2].

Use Horizontal Earth Pressure load factors for active soil pressure, in accordance with LRFD
[Table 3.4.1-2]. Using load factors for active soil pressure is a conservative assumption.

The weight of soil above the buried structure is taken as 0.120 kcf. A coefficient of lateral
earth pressure of 0.5 is used for the lateral pressure from the soil. This coefficient of lateral
earth pressure is based on an at-rest condition and an effective friction angle of 30°, LRFD
[3.11.5.2]. The lateral earth pressure is calculated per LRFD [3.11.5.1]:

P=Ky.Z
Where:
p = Lateral earth pressure (ksf)
Ko = Coefficient of at-rest lateral earth pressure
s = Unit weight of backfill (kcf)
z = Depth below the surface of earth (ft)
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WisDOT Policy ltem:

For modification of earth loads for soil-structure interaction, embankment installations are
always assumed for box culvert design, in accordance with LRFD [12.11.2.2].

Soil-structure interaction for vertical earth loads is computed based on LRFD [12.11.2.2]. For
embankment installations, the total unfactored earth load is:

WE = FeYsBcH

In which:

F -1+020
B

We = Total unfactored earth load (kip/ft width)

Fe = Soil-structure interaction factor for embankment installations (F. shall
not exceed 1.15 for installations with compacted fill along the sides of

the box section)

= Unit weight of backfill (kcf)

Vs =
B. = Outside width of culvert, as specified in Figure 36.4-1 (ft)
H = Depth of fill from top of culvert to top of pavement (ft)

777 7777 7

BC

777 7777

_ystey Wg _ 1.35xF, xy,xB;xH
t™ B, B,

c

' / / /

Slope = 1.50 x . x
(]

g A A A

Wp =W, - 1.25 x Concrete Weight
B

(4

Figure 36.4-1
Factored Vertical and Horizontal Earth Pressures

36-15
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Where:
W, = Soil pressure on top of box culvert (ksf)
W, = Soil pressure on the bottom of box culvert (ksf)
ko = Coefficient of at-rest lateral earth pressure
Vs = Unit weight of backfill (kcf)

Figure 36.4-1 shows the factored vertical and horizontal earth load pressures acting on a box
culvert. The earth pressure from the dead load of the concrete is distributed equally over the
bottom of the box.

36.4.4 Live Load Surcharge (LS)

Per LRFD [3.11.6.4], a live load surcharge shall be applied where vehicular load is expected
to act on the surface of the backfill within a distance equal to one-half the distance from top
of pavement to bottom of the box culvert.

Per LRFD [Table 3.11.6.4-1], the following equivalent heights of soil for vehicular loading
shall be used. The height to be used in the table shall be taken as the distance from the
bottom of the culvert to the roadway surface. Use interpolation for heights other than those
listed in the table.

Height (ft) heq (ft)
5.0 4.0
10.0 3.0

>20.0 2.0
Table 36.5-1

Equivalent Height of Soil for Vehicular Loading

Surcharge loads are computed based on a coefficient of lateral earth pressure times the unit
weight of soil times the height of surcharge. A coefficient of lateral earth pressure of 0.5 is
used for the lateral pressure from the soil, as discussed in 36.4.3. The uniform distributed
load is applied to both exterior walls with the load directed toward the center of the box
culvert. The load is designated as, LS, live load surcharge, for application of load factors and
limit state combinations. Refer to LRFD [3.11.6.4] for additional information regarding live
load surcharge.

36.4.5 Water Pressure (WA)

Static water pressure loads are computed when the water height on the outside of the box is
greater than zero. The water height is measured from the bottom inside of the box culvert to
the water level. The load is designated as, WA, water pressure load, for application of load
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factors and limit state combinations. Water pressure in culvert barrels is ignored. Refer to
LRFD [3.7.1] for additional information regarding water pressure.

36.4.6 Live Loads (LL)
Live load consists of the standard AASHTO LRFD trucks and tandem. Per LRFD [3.6.1.3.3],
design loads are always axle loads (single wheel loads should not be considered) and the
lane load is not used.
When the depth of fill over the box is less than 2 feet the wheel loads are distributed per
LRFD [4.6.2.10]. When the depth of fill is 2 feet or more, the wheel loads are distributed per
LRFD [3.6.1.2.6]. When areas from several concentrations overlap, the total load is
considered as uniformly distributed over the area defined by the outside limits of the
individual areas.
Per LRFD [3.6.1.2.6], for single-span culverts, the effect of live load may be neglected when
the depth of fill is more than 8.0 feet and exceeds the span length. For multiple span culverts,
the effects may be neglected where the depth of fill exceeds the distance between faces of
end walls.

Skew is not considered for design loads.

36.4.6.1 Depth of Fill less than 2.0 ft.

Where the depth of fill is less than 2.0 ft, follow LRFD [4.6.2.10].

36.4.6.1.1 Case 1 — Traffic Travels Parallel to Span

When the traffic travels primarily parallel to the span, follow LRFD [4.6.2.10.2]. Use a single
lane and the single lane multiple presence factor of 1.2.

Distribution length perpendicular to the span:

E = (96 +1.44(S))

Where:
E = Equivalent distribution width perpendicular to span (in.)
S = Clear span (ft)

The distribution of wheel loads perpendicular to the span for depths of fill less than 2.0 feet is
illustrated in Figure 36.4-2.
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Figure 36.4-2
Distribution of Wheel Loads Perpendicular to Span, Depth of Fill Less than 2.0 feet

Distribution length parallel to the span:

E_ =(L, +LLFOH))

span

Where:
Espan = Equivalent distribution width parallel to span (in.)
Lt = Length of tire contact area parallel to span, as specified in LRFD
[3.6.1.2.5] (in.)
LLDF = Factor for distribution of live load with depth of fill, 1.15, as specified
in LRFD [3.6.1.2.6] for select granular backfill.
H = Depth of fill from top of culvert to top of pavement (in.)

The distribution of wheel loads parallel to the span for depths of fill less than 2.0 feet is
illustrated in Figure 36.4-3.
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Figure 36.4-3
Distribution of Wheel Loads Parallel to Span, Depth of Fill Less than 2.0 feet

36.4.6.1.2 Case 2 - Traffic Travels Perpendicular to Span
When traffic travels perpendicular to the span, live load shall be distributed to the top slab
using the equations specified in LRFD [4.6.2.1] for concrete decks with primary strips
perpendicular to the direction of traffic. The effect of multiple lanes shall be considered.
Use the multiple presence factor, m, as required per LRFD [3.6.1.1.2].
For a cast-in-place box culvert, the width of the primary strip, in inches is:
+M:  26.0 + (6.6)(S)

M:  48.0 + (3.0)(S)

Where:
S = Spacing of supporting components (ft)
+M = Positive moment
-M = Negative moment
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36.4.6.2 Depth of Fill Greater than or Equal to 2.0 ft.

Where the depth of fill is 2.0 ft or greater, follow LRFD [3.6.1.2.6]. The effect of multiple
lanes shall be considered. Use the multiple presence factor, m, as required per LRFD
[3.6.1.1.2].

WisDOT exception to AASHTO:

Where the depth of fill is 2.0 ft or greater, the live load distribution specified in LRFD [3.6.1.2.6]
is not used in anticipation of a future ballot item. Use the following method for determining live
load distribution.

The wheel loads are considered to be uniformly distributed over a rectangular area with sides
equal to:

Longitudinal: Lt + LLDF(H)

Transverse: Ws + LLDF(H) + 0.06(D)

Where:
Lt = Length of tire contact area, per LRFD [3.6.1.2.5] (in.)
Wt = Width of tire contact area, per LRFD [3.6.1.2.5] (in.)
LLDF = 1.15
H = Depth of fill from top of culvert to top of pavement (in.)
D = Interior span of the culvert (in.)

The longitudinal and transverse distribution widths for depths of fill greater than or equal to
2.0 feet are illustrated in Figure 36.4-4.

Sl

«—»-Wr + LLDF(H) + 0.06°D

H»‘H«

Ly Op{/\/)

Figure 36.4-4
Distribution of Wheel Loads, Depth of Fill Greater than or Equal to 2.0 feet
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36.4.7 Live Load Soil Pressures

EEEEE

Figure 36.4-5
Vertical Soil Pressure under Culvert

The soil pressure on the bottom of the box is determined by moving the live load across the
box. Find the location where the live load causes the maximum effects on the top slab of the
box. At that location, determine the soil pressure diagram that will keep the system in
equilibrium. Use the effects of this soil pressure in the bottom slab analysis.

36.4.8 Dynamic Load Allowance

Dynamic load allowance decreases as the depth of fill increases. LRFD [3.6.2.2] states that
the impact on buried components shall be calculated as:

IM =33(1.0 — 0.125(Dg)) > 0%

Where:

De Minimum depth of earth cover above the structure (ft)

36.4.9 Location for Maximum Moment

Create influence lines and use notional loading to determine the location for maximum
moment. In this analysis, include cases for variable axle spacing and reverse axle order for
unsymmetrical loading conditions.

For notional vehicles, only the portion of the loading that contributes to the effect being
maximized is included. This is illustrated in Figure 36.4-6.
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Figure 36.4-6

Application of Notional Loading using Influence Lines

The maximum positive moment results when the middle axial load is centered at the first
positive peak while the variable rear axial spacing is 24 feet. Only the portion of the rear
axial load in the positive region of the moment influence line is considered. The middle axial
load and the portion of the rear axial in the positive region of the moment influence line are
loaded on the shear and axial influence lines to compute the corresponding effects. Both
positive and negative portions of the shear and axial influence lines are used when
computing the corresponding effects. This process is repeated for maximizing the negative
moment, shear and axial effects and computing the corresponding effects.
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36.5 Design Information

Sidesway of the box is not considered because of the lateral support of the soil.

The centerline of the walls and top and bottom slabs are used for computing section
properties and dimensions for analysis.

WisDOT Policy ltem:

For skews 20 degrees or less, place the reinforcing steel along the skew. For skews over 20
degrees, place the reinforcing steel perpendicular to the centerline of box.

Culverts are analyzed as if the reinforcing steel is perpendicular to the centerline of box for all
skew angles.

The minimum thickness of the top and bottom slab is 6% inches. Minimum wall thickness is
based on the inside opening of the box (height) and the height of the apron wall above the
floor. Use the following table to select the minimum wall thickness that meets or exceeds the
three criteria in the table.

Minimum Wall Cell Apron Wall Height
Thickness Height Above Floor
(Inches) (Feet) (Feet)
8 <6 <6.75
9 6to<10 6.75t0 <10
10 10to>10 10to < 11.75
11 11.75t0 <12.5
12 12.5t013
Table 36.5-1

Minimum Wall Thickness Criteria
All slab thicknesses are rounded to the next largest 'z inch.

Top and bottom slab thicknesses are determined by shear and moment requirements. Slab
thickness shall be adequate to carry the factored shear without shear reinforcement.

All bar steel is detailed as being 2 inches clear with the following exceptions:
e The bottom steel in the bottom slab is detailed with 3 inches clear

e The top steel in the top slab of a box culvert with no fill is detailed with 2% inches
clear

A haunch is provided only when the slab depth required at the interior wall is more than 2
inches greater than that required for the remainder of the span. Only 45° haunches shall be
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used. Minimum haunch depth and length is 6 inches. Haunch dimensions are increased in 3
inch increments.

The slab thickness required is determined by moment or shear, whichever governs.

The shear in the top and bottom slabs is assumed to occur at a distance "d" from the face of
the walls. The value for "d" equals the distance from the centroid of the reinforcing steel to
the face of the concrete in compression. When a haunch is used, shear must also be
checked at the end of the haunch.

For multi-cell culverts make interior and exterior walls of equal thickness.

For culverts under high fills use a separate design for the ends if the reduced section may be
used for at least two panel pours per end of culvert. Maximum length of panel pour is 40 feet.

Barrel lengths are based on the roadway sections and wing lengths are based on a minimum
2 1/2:1 slope of fill from the top of box to apron. Consideration shall be given to match the
typical roadway cross slope.

Dimensions on drawings are given to the nearest % inch only.
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36.6 Detailing of Reinforcing Steel

To calculate the required bar steel area and cutoff points a maximum positive and negative
moment envelope is computed. It is assumed that the required bar lengths in the top slab are
longer than those in the bottom slab. Therefore, cutoff points are computed for the top slab
and are also used in the bottom slab.

36.6.1 Bar Cutoffs

Per LRFD [5.11.1.2.1], all flexural reinforcement shall be extended beyond the point at which
it is no longer required to resist flexure for a distance not less than:

e The effective depth of the member

¢ 15 times the nominal diameter of the bar

e 1/20 of the clear span
Continuing reinforcement shall extend not less than the development length, ¢ (LRFD
[5.11.2]) beyond the point where bent or terminated tension reinforcement is no longer
required to resist flexure.
Per LRFD [5.11.1.2.2], at least one-third of the positive moment reinforcement in simple
span members and one-fourth of the positive moment reinforcement in continuous span
members shall extend along the same face of the member beyond the centerline of the
support. In beams, such extension shall not be less than 6.0 in.
Per LRFD [5.11.1.2.3], at least one-third of the total tension reinforcement provided for
negative moment at a support shall have an embedment length beyond the point of inflection
not less than:

o The effective depth of the member

e 12 times the nominal diameter of the bar

o 0.0625 times the clear span
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36.6.2 Corner Steel
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Figure 36.6-1
Layout of Corner Steel

The area of steel required is the maximum computed from using the top and bottom corner
moments and the thickness of the slab or wall, whichever controls. Identical bars are used in
the top and bottom corners. Identical length bars are used in the left and right corners if the
bar lengths are within 2 feet of one another. Top and bottom negative steel is cut in the walls
and detailed in two alternating lengths when a savings of over 2 feet in a single bar length
can be obtained. Corner steel is always lapped at the center of the wall. If two bar lengths
are used, only alternate bars are lapped.

Distance "L" is computed from the maximum negative moment envelope for the top slab and
shall include the extension lengths discussed in 36.6.1.
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36.6.3 Positive Moment Slab Steel

Figure 36.6-2
Layout of Positive Moment Steel

The area of steel required is determined by the maximum positive moments in each span.
Top and bottom slab reinforcing steel may be of different size and spacing, but will have
identical lengths. Detail two alternating bar lengths in a slab if 2 feet or more of bar steel can
be saved in a single bar length.

When two alternating bar lengths are detailed in multi-cell culverts, run every other positive
bar across the entire width of box. If this requires a length longer than 40 feet, lap them over
an interior wall. For 2 or more cells, if the distance between positive bars of adjacent cells is
1 foot or less, make the bar continuous.

The cutoff points of alternate bars are determined from the maximum positive moment
envelope for the top slab and shall include the extension lengths discussed in 36.6.1. These
same points are used in the bottom slab. Identical bar lengths are used over multiple cells if
bars are within 2 feet of one another.

36.6.4 Negative Moment Slab Steel over Interior Walls

Figure 36.6-3
Layout of Negative Moment Steel

If no haunch is present, the area of steel required is determined by using the moment and
effective depth at the face of the interior wall. If the slab is haunched, the negative
reinforcement is determined per LRFD [12.11.4.2], which states that the negative moment is
determined at the intersection of the haunch and uniform depth member. Top and bottom
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slab reinforcing steel may be of different size and spacing, but will have identical lengths.
Detail two alternating bar lengths in a slab if 2 feet or more of bar steel can be saved in a
single bar length.

Cutoff points are determined from the maximum negative moment envelope of the top slab
and shall include the extension lengths discussed in 36.6.1. The same bar lengths are then
used in the bottom slab. Identical bar lengths are used over multiple interior walls if bars are
within 2 feet of one another. The minimum length of any bar is 2 times the development
length. For culverts of 3 or more cells, if the clear distance between negative bars of adjacent
spans is 1 foot or less, make the bar continuous across the interior spans.

When there is no fill over the top slab, run the negative moment reinforcing steel across the
entire width of the culvert. Refer to 36.6.8 for temperature and shrinkage requirements.

36.6.5 Exterior Wall Positive Moment Steel

1

]

Construction Joint

Figure 36.6-4
Layout of Exterior Wall Steel

The area of steel is determined by the maximum positive moment in the wall. A minimum of
#4 bars at 18 inches is supplied. The wall bar is extended to 2 inch top clear and the dowel
bar is extended to 3 inch bottom clear. A construction joint, 5 2 inches above the bottom
slab, is always used so a dowel bar must be detailed.
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36.6.6 Interior Wall Moment Steel
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Figure 36.6-5
Layout of Interior Wall Steel

The area of steel is determined from the maximum moment at the top of the wall and the
effective wall thickness. A minimum of #4 bars at 18 inches is supplied. Identical steel is
provided at both faces of the wall. A 1 foot, 90 degree bend, is provided in the top slab with
the horizontal portion being just below the negative moment steel. The dowel bar is extended
to 3 inch bottom clear. A construction joint, 5 2 inches above the bottom slab, is always used
so a dowel bar must be detailed. When a haunch is provided, the construction joint is placed
a distance above the bottom slab equal to the haunch depth plus 2 inches.

36.6.7 Distribution Reinforcement

Per LRFD [5.14.4.1], transverse distribution reinforcement is not required for culverts where
the depth of fill exceeds 2.0 feet.

Per LRFD [12.11.2.1], provide distribution reinforcement for culverts with less than or equal
to 2 feet of fill in accordance with LRFD [9.7.3.2], which states that reinforcement shall be

placed in the secondary direction in the bottom of slabs as a percentage of the primary
reinforcement for positive moment as follows (for primary reinforcement parallel to traffic):

Percentage = 100 <50%
Js

Where:

S

Effective span length (ft) (for slabs monolithic with walls, this distance is
taken as the face-to-face distance per LRFD [9.7.2.3])
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Figure 36.6-6

Layout of Distribution Steel

36.6.8 Temperature Reinforcement

Temperature reinforcement is required on all wall and slab faces in each direction that does
not already have strength or distribution reinforcement. Per LRFD [12.11.4.3.1], provide
shrinkage and temperature reinforcement in walls and slabs in accordance with LRFD
[5.10.8], which states that the area of shrinkage and temperature steel per foot on each face
and in each direction shall satisfy:

__1.30bh
* 7 2(b+h)f,

0.11 <A, <0.60

Where:
As = Area of reinforcement in each direction and each face (in?/ft)
b = Least width of component section (in.)
h = Least thickness of component section (in.)
fy = Specified yield strength of reinforcing bars < 75 (ksi)

Where the least dimension varies along the length of the component, multiple sections
should be examined to represent the average condition at each section.

Temperature steel is always #4 bars at a maximum spacing of 18 inches. When the top slab
has not fill on top use a minimum of #4 bars at 12 inch centers in both directions in the top of
the top slab.

January 2011 36-30



§£§§ WisDOT Bridge Manual Chapter 36 — Box Culverts
B

36.7 Box Culvert Aprons

Five types of box culvert aprons are used. They are referred to as Type A, B, C, D and E.
The angle that the wings make with the direction of stream flow is the main difference
between the five types. The allowable headwater and other hydraulic requirements are what
usually determine the type of apron required. Physical characteristics at the site may also
dictate a certain type. For hydraulic design of different apron types see Chapter 8.

36.7.1 Type A

Type A, because of its poor hydraulic properties, is generally not used except for cattle or
pedestrian underpasses.
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Figure 36.7-1
Plan View of Type A
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36.7.2 Type B,C,D

Type B is used for outlets. Type C & D are of equal efficiency but Type C is used most
frequently. Type D is used for inlets when the water is entering the culvert at a very abrupt

angle. See Figure 36.7-2 for Wing Type B, C and D for guidance on wing angles for culvert
skews.
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Skew Wing Type B | Wing Type C | Wing Type D
Greater Than| To Include |Angle Y|Angle Z|Angle Y|Angle Z|Angle Y|Angle Z
0° 7.5° 156° 156° 30° 30° 45° 45°
7.5° 15.0° 15° 15° 25° 30° 40° 45°
15.0° 22.5° 10° 15° 25° 30° 35° 45°
22.5° 37.5° 10° 15° 20° 30° 30° 45°
37.5° 45.0° 10° 15° 156° 30° 25° 45°
45.0° 52.5° 5° 15° 15° 30° 20° 45°
52.5° 67.5° 5° 156° 10° 30° 15° 45°
67.5° 75.0° 5° 15° 5° 30° 10° 45°
75.0° 82.5° 0° 15° 5° 30° 5° 45°
82.5° 90.0° 0° 15° 0° 30° 0° 45°
(+)Skew
— /‘\
Y / / / Z°

/N /4 ’

ﬁ‘/// | /A

Skew Wing Type B | Wing Type C | Wing Type D
Greater Than| To Include |Angle Y|Angle Z|Angle Y|Angle Z|Angle Y|Angle Z
0° 7.5° 156° 156° 30° 30° 45° 45°
7.5° 156.0° 156° 156° 30° 25° 45° 40°
15.0° 22.5° 16° 10° 30° 25° 45° 35°
22.5° 37.5° 16° 10° 30° 20° 45° 30°
37.5° 45.0° 16° 10° 30° 15° 45° 25°
45.0° 52.5° 15° 5° 30° 15° 45° 20°
52.5° 67.5° 15° 5° 30° 10° 45° 15°
67.5° 75.0° 16° 5° 30° 5° 45° 10°
75.0° 82.5° 156° 0° 30° 5° 45° 5°
82.5° 90.0° 156° 0° 30° 0° 45° 0°
Figure 36.7-2

Wing Type B, C, D (Angles vs. Skew)
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36.7.3 Type E

Type E is used primarily in urban areas where a sidewalk runs over the culvert and it is
necessary to have a parapet and railing along the sidewalk. For Type E the wingwalls run
parallel to the roadway just like the abutment wingwalls of most bridges. It is also used where
Right of Way (R/W) is a problem and the aprons would extend beyond the R/W for other
types. Wingwall lengths for Type E wings are based on a minimum channel side slope of 1.5
to 1.

36.7.4 Wingwall Design

Culvert wingwalls are designed for a 1 foot surcharge, a unit weight of backfill of 0.120 kcf
and a coefficient of lateral earth pressure of 0.5, as discussed in 36.4.3. Load and
Resistance Factor Design is used, and the load factor for lateral earth pressure of ygy = 1.69
is used, based on past design experience. The lateral earth pressure was conservatively
selected to keep wingwall deflection and cracking to acceptable levels. Many wingwalls that
were designed for lower horizontal pressures have experienced excessive deflections and
cracking at the footing. This may expose the bar steel to the water that flows through the
culvert and if the water is of a corrosive nature, corrosion of the bar steel will occur. This
phenomena has lead to complete failure of some wingwalls throughout the State.

Even with the increased steel the higher wings still deflected around % inches at the top. To
prevent this (in 1998) 1 inch diameter dowel bars are added between the wing and box wall
for culverts over 6 feet high. The dowels have a bond breaker on the portion that extends into
the wings.

For wing heights of 7 feet or less determine the area of steel required by using the maximum
wall height and use the same bar size and spacing along the entire wingwall length. The
minimum amount of steel used is #4 bars at 12 inch spacing. Wingwall thickness is made
equal to the barrel wall thickness.

For wing heights over 7 feet the wall length is divided into two or more segments and the
area of steel is determined by using the maximum height of each segment. Use the same bar
size and spacing in each segment.

Wingwalls must satisfy Strength | Limit State for flexure and shear, and Service | Limit State
for crack control, minimum reinforcement, and reinforcement spacing. Adequate shrinkage
and temperature reinforcement shall be provided.
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36.8 Box Culvert Camber

Camber of culverts is a design compensation for anticipated settlement of foundation soil
beneath the culvert. Responsibility for the recommendation and calculation of camber
belongs to the Regional Soils Engineer. Severe settlement problems with accompanying
large camber are to be checked with the Geotechnical Section.

Both total and differential settlement need to be considered to determine the amount of box
camber required to avoid adverse profile sag and undesirable separation at culvert joints per
LRFD[12.6.2.2]. If the estimated settlement is excessive, contingency measures will need to
be considered, such as preloading with embankment surcharge, undercutting and subgrade
stabilization. To evaluate differential settlement, it will be necessary to calculate settlement at
more than one point along the length of the box culvert.

36.8.1 Computation of Settlement

Settlement should be evaluated at the Service Limit state in accordance with LRFD
[12.6.2.2] and LRFD [10.6.2], and consider instantaneous elastic consolidation and
secondary components. Elastic settlement is the instantaneous deformation of the soil mass
that occurs as the soil is loaded. Consolidation settlement is the gradual compression of the
soil skeleton when excess pore pressure is forced out of the voids in the soil. Secondary
settlement, or creep, occurs as a result of plastic deformation of the soil skeleton under
constant effective stress. Secondary settlement is typically not significant for box culvert
design, except where there is an increase in effective stress within organic soil, such as peat.
If secondary settlement is a concern, it should be estimated in accordance with LRFD
[10.6.2.4].

Total settlement, including elastic, consolidation and secondary components may be taken in
accordance with LRFD [10.6.2.4.1] as:

St =S¢+ Sc+ S
Where:
St = Total settlement (ft)
Se = Elastic settlement (ft)
Sc = Primary consolidation settlement (ft)
Ss = Secondary settlement (ft)

To compute settlement, the subsurface soil profile should be subdivided into layers based on
stratigraphy to a depth of about 3 times the box width. The maximum layer thickness should
be 10 feet.

Primary consolidation settlement for normally-consolidated soil is computed using the
following equation in accordance with LRFD [10.6.2.4.3]:
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Where

Se = Primary consolidation settlement (ft)

Hc = Initial height of compressible soil layer (ft)

€5 = Void ratio at initial vertical effective stress

Ce = Compression index which is a measure of the compressibility of a soil. It
is the slope of the straight-line part of the e-log p curve from a
conventional consolidation (oedometer) test.

o't = Final vertical effective stress at midpoint of soil layer under consideration
(ksf)

G = Initial vertical effective stress at midpoint of soil layer under

consideration (ksf)

If the soil is overconsolidated, reference is made to LRFD [10.6.2.4.3] to estimate
consolidation settlement.

Further description for the above equations and consolidation test can be found in most
textbooks on soil mechanics.

For preliminary investigations C. can be determined from the following approximate formula,
found in most soil mechanics textbooks:

Non organic soils: C.=0.007 (LL-10)
Where:
LL = Liquid limit expressed as whole number.

If the in-place moisture content approaches the plastic limit the computed C; is decreased by
75%. If the in-place moisture content is near the liquid limit use the computed value. If the in-
place moisture content is twice the liquid limit the computed C; is increased by 75%. For
intermediate moisture contents the percent change to the computed C; is determined from a
straight line interpolation between the corrections mentioned above.

If settlements computed by using the approximate value of C. exceed 1.5 feet, a
consolidation test is performed. As in-place moisture content approaches twice the liquid
limit, settlement is caused by a local shear failure and the consolidation equation is no longer
applicable.
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The consolidation equation is applied to only compressible silts and
lower compressibility and no culvert camber is required until the fill e

clays. Sands are of a
xceeds 25 feet. When

the fill exceeds 25 feet for sand, a camber of 0.01 feet per foot of fill is used.

36.8.2 Configuration of Camber

The following guides are to be followed when detailing camber.

e |t is unnecessary to provide gradual camber. "Brokenback" camber is closer to the

actual settlement which occurs.

o Settlement is almost constant from shoulder point to shoulder point. It then reduces to

the ends of the culvert at the edge of the fill.

o The ends of the culvert tend to come up if side slopes are stee

per than 272 to 1. With

2 to 1 side slopes camber is increased 10% to compensate for this rise.

36.8.3 Numerical Example of Settlement Computation

- e

_ |
@ i LT RE |
© Cay 7 //////// //
A \Rock A A h h

Figure 36.8-1
Soil Strata under Culvert

A box culvert rests on original ground consisting of 8 feet of sand a
bedrock. Estimate the settlement of the culvert if 10 feet of fill is placed
after the culvert is constructed. The in-place moisture content and liqui

nd 6 feet of clay over
on the original ground
d limit equal 40%. The

initial void ratio equals 0.98. The unit weight of the clay is 105 pcf and that of the fill and sand

is 110 pcf. There is no water table.
c’o = (8 ft)(110 pcf) + (3 ft)(105 pcf) = 1195 psf
c'i=0c’e+ (10 ft)(110 pcf) = 1195 psf + 1100 psf = 2295 psf

C. =0.007 (40-10) = 0.21 (approximate value)

S, =| o, log,| 2t | = O 0.21%10g, | 22PN _ g 11
' 1+0.98 1195psf

o
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36.9 Box Culvert Structural Excavation and Structure Backfill

All excavations for culverts and aprons, unless on bedrock or fill, are undercut a depth of 6
inches. The upper limit of excavation is the existing ground line.

All spaces excavated and not occupied by the new structure are backfilled with structure
backfill to the elevation and section existing prior to excavation within the length of the box.
The backfill is placed to help eliminate settling problems on culverts. Backfill is placed in the
undercut area under the apron. Usually 6 inches of structural backfill is placed under all
boxes for construction purposes, which is covered by specification.
Original
[ Ground Line

*Structure Backfill Lower Limits of Structure

Excavation and Structure
Backill

Figure 36.9-1
Limits for Excavation and Backfill

* Structure Backfill, No. 2 Washed Stone or Breaker Run Stone may be used to support
culverts.

No backfill is placed under the box for culverts built on fills. The purpose of the backfill is to
provide a solid base to pour the bottom slab. It is assumed that fill material provides this base
without the addition of backfill.
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36.10 Box Culvert Headers

For skews of 20 degrees and less the main reinforcing steel is parallel to the end of the
barrel. A header is not required for structural purposes but is used to prevent the fill material
from spilling into the apron. A 12 inch wide by 6 inch high (above the top of top slab) header
with nominal steel is therefore used for skews of 20 degrees and less on the top slab. No
header is used on the bottom slab.

For skews over 20 degrees the main reinforcing is not parallel to the end of the barrel. The
positive reinforcing steel terminates in the header and thus the header must support, in
addition to its own dead load, an additional load from the dead load of the slab and fill above
it. A portion of the live load may also have to be supported by the header.

The calculation of the actual load that a header must support becomes a highly
indeterminate problem. For this reason a rational approach is used to determine the amount
of reinforcement required in the headers. The design moment capacity of the header must be
equal to or greater than 1.25 times the header dead load moment (based on simple span)
plus 1.75 times a live load moment from a 16 kip load assuming 0.5 fixity at ends.

To prevent a traffic hazard, culvert headers are designed not to protrude above the ground
line. For this reason the height of the header above the top of the top slab is allowed to be
only 6 inches. The width of the header is standardized at 18 inches.

The header in the following figure gives the design moment capacities listed using d = 8.5
inches.

| . |
| | Moment
2"CL. Bar | Capacit
. Size ftgkipy
© #6 46.1
47 60.7
<l 48 76.5
»|54 A #9 92.1
= #10 109.1
6II

Figure 36.10-1
Header Details (Skews > 20°)
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The following size bars are recommended for the listed header lengths where "Header

Length" equals the distance between C/L of walls in one cell measured along the skew.

Header Length Bar Size *
To 171 #7
Over 11’ to 14’ #8
Over 14’ to 17’ #9
Over 17’ to 20’ #10

Table 36.10-1

Header Reinforcement

! Use the bar size listed in each header and place 3 bars on the top and 3 bars on the
bottom. Use a header on both the top and bottom slab. See the Standard Box Culvert

Details in Chapter 36.
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36.11 Plan Detailing Issues

36.11.1 Weep holes
Investigate the need for weep holes for culverts in cohesive soils. These holes are to relieve
the hydrostatic pressure on the sides of the culverts. Where used, place the weep holes 1

foot above normal water elevation but a minimum of 1 foot above the lower sidewall
construction joint. Do not place weep holes closer than 1 foot from the bottom of the top slab.

36.11.2 Cutoff Walls
Where dewatering the cutoff wall in sandy terrain is a problem, the concrete may be poured

in the water. Place a note on the plans allowing concrete for the cutoff wall to be placed in
the water.

36.11.3 Nameplate

Designate a location on the wingwall for placement of the nameplate. Locate nameplate on
the first right wing traveling in the Cardinal direction (North/East).

36.11.4 Plans Policy
If a cast-in-place reinforced concrete box culvert is used, full plans must be provided and

sealed by a professional engineer to the Bureau of Structures for approval. The plans must
be in accordance with the Bridge Manual and Standards.

36.11.5 Rubberized Membrane Waterproofing

When required by the Standard Details, place the bid item "Rubberized Membrane
Waterproofing" on the final plans. The quantity is given square yards.
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36.12 Precast Four-Sided Box Culverts

In general, structural contractors prefer cast-in-place culverts while grading contractors prefer
precast culverts. Precast culverts have been more expensive than cast-in-place culverts in
the past, but allow for reduced construction time. Box culverts that are 4 feet wide by 6 feet
high or less are considered roadway culverts. All other culverts require a B or C number
along with the appropriate plans. All culverts requiring a number should be processed
through the Bureau of Structures.

When a precast culvert is selected as the best structure type for a particular project during
the design study phase, preliminary plans and complete detailed final plans are required to
be sent to the Bureau of Structures for approval. The design and fabrication must be in
accordance with ASTM Specification C1577, AASHTO LRFD Specifications, and the Bridge
Manual.

Sometimes a complete set of plans is created for a cast-in-place culvert and a precast culvert
is stated to be an acceptable alternate. If the contractor selects the precast alternate, the
contractor is to submit shop drawings, sealed by a professional engineer, to the Bureau of
Structures for approval. The design and fabrication must be in accordance with ASTM
Specification C1577, AASHTO LRFD Specifications, and the Bridge Manual.
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36.13 Three-Sided Structures

Three-sided box culvert structures are divided into two categories: cast-in-place three sided
structures and precast three-sided structures. These structures shall follow the criteria
outlined below.

36.13.1 Cast-In-Place Three-Sided Structures

To be developed

36.13.2 Precast Three-Sided Structures

Three-sided precast concrete structures offer a cost effective, convenient solution for a
variety of bridge needs. The selection of whether a structure over a waterway should be a
culvert, a three-sided precast concrete structure or a bridge is heavily influenced by the
hydraulic opening. As the hydraulic opening becomes larger, the selection process for
structure type progresses from culvert to three-sided precast concrete structure to bridge.
Cost, future maintenance, profile grade, staging, skew, soil conditions and alignment are also
important variables which should be considered. Culverts generally have low future
maintenance; however, culverts should not be considered for waterways with a history or
potential of debris to avoid channel cleanout maintenance. In these cases a three-sided
precast concrete structure may be more appropriate. Three-sided precast concrete
structures have the advantage of larger single and multiple openings, ease of construction,
and low future maintenance costs.

A precast-concrete box culvert may be recommended by the Hydraulics Team. The side
slope at the end or outcrop of a box culvert should be protected with guardrail or be located
beyond the clear zone.

The hydraulic recommendations will include the Qi elevation, the assumed flowline
elevation, the required span, and the required waterway opening for all structure selections.
The designer will determine the rise of the structure for all structure sections.

A cost comparison is required to justify a three-sided precast concrete structure compared to
other bridge/culvert alternatives.

To facilitate the initiation of this type of project, the BOS is available to assist the Owners and
Consultants in working out problems which may arise during plan development.

Some of the advantages of precast three-sided structures are listed below:

e Speed of Installation: Speed of installation is more dependent on excavation than
product handling and placement. Precast concrete products arrive at the jobsite ready
to install. Raw materials such as reinforcing steel and concrete do not need to be
ordered, and no time is required on site to set up forms, place concrete, and wait for
the concrete to cure. Precast concrete can be easily installed on-demand and
immediately backfilled.
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¢ Environmentally Friendly: Precast concrete is ready to be installed right off the
delivery truck, which means less storage space needed for scaffolding and rebar.
There is less noise pollution from ready-mix trucks continually pulling up on site and
less waste as a result of using precast (i.e. no leftover steel, no pieces of scaffolding
and no waste concrete piles). The natural bottom on a three-sided structure is
advantageous to meet fish passage and DNR requirements.

¢ Quality Control: Because precast concrete products are produced in a quality-
controlled environment with proper curing conditions, these products exhibit higher
quality and uniformity over cast-in-place structures.

o Reduced Weather Dependency: Weather does not delay production of precast
concrete as it can with cast-in-place concrete. Additionally, weather conditions at the
jobsite do not significantly affect the schedule because the "window" of time required
for installation is small compared to other construction methods, such as cast-in-place
concrete.

¢ Maintenance: Single span precast three-sided structures are less susceptible to
clogging from debris and sediment than multiple barrel culvers with equivalent
hydraulic openings.

36.13.2.1 Precast Three-Sided Structure Span Lengths

WisDOT BOS allows and provides standard details for the following precast three-sided
structure span lengths:

14’-0, 20’-0, 24’-0, 28’-0, 36’-0, 42’-0

Dimensions, rises, and additional guidance for each span length are provided in the standard
details.

36.13.2.2 Segment Configuration and Skew

It is not necessary for the designer to determine the exact number and length of segments.
The final structure length and segment configuration will be determined by the fabricator and
may deviate from that implied by the plans.

A zero degree skew is preferable but skews may be accommodated in a variety of ways.
Skew should be rounded to the nearer most-practical 5 deg., although the nearer 1 deg. is
permissible where necessary. The range of skew is dependent on the design span and the
fabrication limitations. Some systems are capable of fabricating a skewed segment up to a
maximum of 45 degrees. Other systems accommodate skew by fabricating a special
trapezoidal segment. If adequate right-of-way is available, skewed projects may be built with
all right angle segments provided the angle of the wingwalls are adjusted accordingly. The
designer shall consider the layout of the traffic lanes on staged construction projects when
determining whether a particular three-sided precast concrete structure system is suitable.

Square segments are more economical if the structure is skewed. Laying out the structure
with square segments will result in the greatest right-of-way requirement and thus allow
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ample space for potential redesign by the contractor, if necessary, to another segment
configuration.

For a structure with a skew less than or equal to 15 deg., structure segments may be laid out
square or skewed. Skewed segments are preferred for short structures (approximately less
than 80 feet in length). Square segments are preferred for longer structures. However,
skewed segments have a greater structural span. A structure with a skew of greater than 15
deg. requires additional analysis per the AASHTO LRFD Bridge Design Specifications.
Skewed segments and the analysis both contribute to higher structure cost.

For a structure with a skew greater than 15 deg, structure segments should be laid out
square. The preferred layout scheme for an arch-topped structure with a skew of greater
than 15 deg should assume square segments with a sloping top of headwall to yield the
shortest possible wingwalls. Where an arch-topped structure is laid out with skewed ends
(headwalls parallel to the roadway), the skew will be developed within the end segments by
varying the lengths of the legs as measured along the centerline of the structure. The
maximum attainable skew is controlled by the difference between the full-segment leg length
as recommended by the arch-topped-structure fabricator and a minimum leg length of 2 feet.

36.13.2.3 Minimum Fill Height

Minimum fill over a precast three-sided structure shall provide sufficient fill depth to allow
adequate embedment for any required beam guard plus 6”. Refer to Standard 36.10 for
further information.

Barriers mounted directly to the precast units are not allowed, as this connection has not
been crash tested.

36.13.2.4 Rise

The maximum rises of individual segments are shown on the standard details. This limit is
based on the fabrication forms and transportation. The maximum rise of the segment may
also be limited by the combination of the skew involved because this affects transportation
on the truck. Certain rise and skew combinations may still be possible but special permits
may be required for transportation. The overall rise of the three-sided structure should not be
a limitation when satisfying the opening requirements of the structure because the footing is
permitted to extend above the ground to meet the bottom of the three-sided segment.

36.13.2.5 Deflections

Per LRFD [2.5.2.6.2], the deflection limits for precast reinforced concrete three-sided
structures shall be considered mandatory.

36.13.3 Plans Policy

If a precast or cast-in-place three-sided culvert is used, full design calculations and plans
must be provided and sealed by a professional engineer to the Bureau of Structures for
approval. The plans must be in accordance with the Bridge Manual and Standards.
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The designer should use the span and rise for the structure selection shown on the plans as
a reference for the information required on the title sheet. The structure type to be shown on
the Title, Layout and General Plan sheets should be Precast Reinforced Concrete Three-
Sided Structure.

The assumed elevations of the top of the footing and the base of the structure leg should be
shown. For preliminary structure layout purposes, a 2-foot footing thickness should be
assumed with the base of the structure leg seated 2 inches below the top-of-footing
elevation. With the bottom of the footing placed at the minimum standard depth of 4 feet
below the flow line elevation, the base of the structure leg should therefore be shown as 2’-2”
below the flow line. An exception to the 4-foot depth will occur where the anticipated footing
thickness is known to exceed 2 feet, where the footing must extend to rock, or where poor
soil conditions and scour concerns dictate that the footing should be deeper.

The structure length and skew angle, and the skew, length and height of wingwalls should be
shown. For a skewed structure, the wingwall geometrics should be determined for each wing.
The sideslope used to determine the wing length should be shown on the plans.

If the height of the structure legs exceeds 10 feet, pedestals should be shown in the structure
elevation view.

The following plan requirements shall be followed:

1. Preliminary plans are required for all projects utilizing a three-sided precast concrete
structure.

2. Preliminary and Final plans for three-sided precast concrete structures shall identify
the size (span x rise), length, and skew angle of the bridge.

3. Final plans shall include all geometric dimensions and a detailed design for the three-
sided precast structure, all cast-in-place foundation units and cast-in-place or precast
wingwalls and headwalls.

4. Final plans shall include the pay item Three-Sided Precast Concrete Structure and
applicable pay items for the remainder of the substructure elements.

5. Final plans shall be submitted along with all pertinent special provisions to the BOS
for review and approval.

In addition to foundation type, the wingwall type shall be provided on the preliminary and final
plans. Similar to precast boxes, a wingwall design shall be provided which is supported
independently from the three-sided structure. The restrictions on the use of cast-in-place or
precast wings and headwalls shall be based on site conditions and the preferences of the
Owner. These restrictions shall be noted on the preliminary and final plans.

36.13.4 Foundation Requirements

Precast and cast-in-place three-sided structures that are utilized in pedestrian or cattle
underpasses can be supported on continuous spread or pile supported footings. Precast
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and cast-in-place three-sided structures that are utilized in waterway applications shall be
supported on piling to prevent scour.

The footing should be kept level if possible. If the stream grade prohibits a level footing, the
wingwall footings should be laid out to be constructed on the same plane as the structure
footings. Continuity shall be established between the structural unit footing and the wingwall
footing.

The allowable soil bearing pressure should be shown on the plans. Weak soil conditions
could require pile foundations. If the footing is on piling, the nominal driving resistance should
be shown. Where a pile footing is required, the type and size of pile and the required pile
spacing, and which piles are to be battered, should be shown on the plans.

The geotechnical engineer should provide planning and design recommendations to
determine the most cost effective and feasible foundation treatment to be used on the
preliminary plans.

36.13.5 Precast Versus Cast-in-Place Wingwalls and Headwalls

The specifications for three-sided precast concrete structures permits the contractor to
substitute cast-in-place for precast wingwalls and headwalls, and visa versa when cast-in-
place is specified unless prohibited on the plans. Three-sided structures should be provided
with adequate foundation support to satisfy the design assumptions permitting their relatively
thin concrete section. These foundations are designed and provided in the plans. Spread
footing foundations are most commonly used since they prove cost effective when rock or
scour resistant soils are present with adequate bearing and sliding resistance. The use of
precast spread footings shall be controlled by the planner and shall only be allowed when
soil conditions permit and shall not be allowed to bear directly on rock or when rock is within
2 feet of the bottom of the proposed footing. When lower strength soils are present, or scour
depths become large, a pile supported footing shall be used. The lateral loading design of
the foundation is important because deflection of the pile or footing should not exceed the
manufacturers' recommendations to preclude cracks developing.
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36.14 Design Examples

36E-1 Twin Cell Box Culvert LRFD
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E36-1 Twin Cell Box Culvert LRFD

This example shows design calculations for a twin cell box culvert. The AASHTO LRFD Bridge
Design Specifications are followed as stated in the text of this chapter. (Example is current
through LRFD Fifth Edition - 2010 Interim)

E36-1.1 Design Criteria
NN NN/

4.0'
12.0' 12.0' Fill Height
Clear * Clear i
12.5"
12" |-
Clear
14"
Figure E36.1 *
Box Culvert Dimensions
NC =2 number of cells
Ht = 12.0 cell clear height, ft
W4 =12.0 cell 1 clear width, ft
Wy = 12.0 cell 2 clear width, ft
L=134.0 culvert length, ft
tig = 12.5 top slab thickness, in
thg = 14.0 bottom slab thickness, in
twin = 12.0 interior wall thickness, in
twex = 12.0 exterior wall thickness, in
fis Il height above floor, ft
Hapron = Ht+ E apron wall height above floor,

Hapron = 13.04
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fo:=35 culvert concrete strength, ksi

fy =60 reinforcement yield strength, ksi

Eg == 29000 modulus of elasticity of steel, ksi

skew = 0.0 skew angle, degrees

Hg = 4.00 depth of backfill above top edge of top slab, ft
wc = 0.150 weight of concrete, kcf

COVerpot = 3
cover = 2

concrete cover (bottom of bottom slab), in
concrete cover (all other applications), in

live load surcharge height, ft

Resistance factors, reinforced concrete cast-in-place box structures, LRFD [Table 12.5.5-1]

b= 0.9

by = 0.85

Calculate the span lengths for each cell (measured between centerlines of walls)

resistance factor for flexure

resistance factor for shear

t

1 ( twin wex
Sq o= Wi + —| — S, =13.00 | ft
1 1+ ( 2 + 2 j 1

1

Sy = Wy + —-
2 275

twex twin
— + —
2 2

S, = 13.00 | ft

Verify that the box culvert dimensions fall within WisDOT's minimum dimension criteria. Per

[36.2], the minimum size for pedestrian underpasses is 8 feet high by 5 feet wide. The
minimum size for cattle underpass is 6 feet high by 5 feet wide. A minimum height of 5 feet is

desirable for cleanout purposes.

Does the culvert meet the minimum dimension criteria?

lcheck = "OK" |

Verify that the slab and wall thicknesses fall within WisDOT's minimum dimension criteria. Per
[36.5], the minimum thickness of the top and bottom slab is 6.5 inches. Per [Table 36.5-1],
the minimum wall thickness varies with respect to cell height and apron wall height.
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Minimum Wall Cell Apron Wall Height
Thickness Height Above Floor
(Inches) (Feet) (Feet)
8 <6 <6.75
9 6to<10 6.75t0 <10
10 10to> 10 10to <11.75
11 11.75t0 <125
12 1251013
Table 36.5-1

Minimum Wall Thickness Criteria

Do the slab and wall thicknesses meet the minimum dimension criteria?  [check = "OK" |

Since this example has more than 2.0 feet of fill, edge beams are not required.

E36-1.2 Modulus of Elasticity of Concrete Material
Per [9.2], use f', = 3.5 ksi for culverts. The value of E is calculated per LRFD [5.4.2.4]:

Ky =1 Ec calc = 33000-K1.wc1'5.\/ﬂ = 3586.6  ksi
E := 3600 ksi modulus of elasticity of concrete, per [9.2]

E36-1.3 Loads

Vg = 0.120 unit weight of soil, kcf

Per [36.5], a haunch is provided only when the slab depth required at the interior wall is more
than 2 inches greater than that required for the remainder of the span. Minimum haunch depth
and length is 6 inches. Haunch depth is increased in 3 inch increments. For the first iteration,
assume there are no haunches.

hhau =0.0 haunch height, in
Ihau =0.0 haunch length, in
wthgy = 0.0 weight of one haunch, kip
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E36-1.3.1 Dead Loads
Dead load (DC):
top slab dead load:

tts

Wdits = We 75 Wqjts = 0.156 | KIf

bottom slab dead load:

tbs KIf
Wd|bS = WC-E-'] Wd|bS =0.175

Wearing Surface (DW):

Per [36.4.2], the weight of the future wearing surface is zero if there is any fill depth over the
culvert. If there is no fill depth over the culvert, the weight of the future wearing surface shall
be taken as 0.020 ksf.

Wy = 0.000 weight of future wearing surface, ksf

Vertical Earth Load (EV):

Calculate the modification of earth loads for soil-structure interaction per LRFD [12.11.2.2].
Per the policy item in [36.4.3], embankment installations are always assumed.

Installation_Type = "Embankment"
g = 0.120 unit weight of soil, kcf

B = 27.00 outside width of culvert, ft
(measured between outside faces of exterior walls)

Hg = 4.00 depth of backfill above top edge of top slab, ft

Calculate the soil-structure interaction factor for embankment installations:

H

S
Fg:=1+0.20.— Fo = 1.
e=1+020— - 1.03

(¢}

F. shall not exceed 1.15 for installations with compacted fill along the sides of the box section:

Fo = 1.03
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Calculate the total unfactored earth load:

WE = Fe"Ys‘ Bc' |-|S WE =13.34 | kiIf

Distrubute the total unfactored earth load to be evenly distributed across the top of the culvert:

Wg
WSV = B_ WSV = 0.494

C

Horizontal Earth Load (EH):
soil horizontal earth load (magnitude at bottom and top of wall):

ko =05 coefficient of at rest lateral earth pressure [36.4.3]
Ng = 0.120 unit weight of soil, kcf

t t

ts bs
Wsh_bot = ko‘Ws‘[Ht TR Hsj~1 Wsh pot = 1.09 | KIf
Wsh_top = ko™¥s'(Hs) 1 Wsh_top = 024 | Kif

Live Load Surcharge (LS):
soil live load surcharge:

ko = 0.5 coefficient of lateral earth pressure
Ng = 0.120 unit weight of soil, kcf
LSht = 2.2 live load surcharge height per [36.4.4], ft

WS” = kO"YS'LSht"] WS” =0.13 klf

E36-1.3.2 Live Loads
For Strength 1 and Service 1:
HL-93 loading = design truck (no lane) LRFD [3.6.1.3.3]

design tandem (no lane)
For the Wisconsin Standard Permit Vehicle (Wis-SPV) Check:

The Wis-SPV vehicle is to be checked during the design phase to make sure it can carry a
minimum vehicle load of 190 kips. The current version of AASHTO LRFR does not cover rating

of concrete box culverts.

E36-1.4 Live Load Distribution

Live loads are distributed over an equivalent area, with distribution components both parallel
and perpendicular to the span, as calculated below. Per LRFD [3.6.1.3.3], the live loads to be
placed on these widths are axle loads (i.e., two lines of wheels) without the lane load. The
equivalent distribution width applies for both live load moment and shear.
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E36-1.5 Equivalent Strip Widths for Box Culverts

The calculations for depths of fill less than 2.0 ft, per LRFD [4.6.2.10] are not required for this
example. The calcuations are shown for illustration purposes only.

The calculations below follow LRFD [4.6.2.10.2] - Case 1: Traffic Travels Parallel to
Span. If traffic travels perpendicular to the span, follow LRFD [4.6.2.10.3] - Case 2:

Traffic Travels Perpendicular to Span, which states to follow LRFD [4.6.2.1].

Per LRFD [4.6.2.10.2], when traffic travels primarily parallel to the span, culverts shall be
analyzed for a single loaded lane with a single lane multiple presence factor.

Therefore, mpf=1.2

Perpendicular to the span:

It is conservative to use the largest distribution factor from each span of the structure
across the entire length of the culvert. Therefore, use the smallest span to calculate
the smallest strip width. That strip width will provide the largest distribution factor.

s=T200] f

The equivalent distribution width perpendicular to the span is:

S := min(W1 ,W2) clear span, ft

1
Eperp = E-(% + 1.44.9) Eperp =944
Parallel to the span:
Hg = 4.00 depth of backfill above top edge of top slab, ft
Lt =10 length of tire contact area, in LRFD [3.6.1.2.5]

LLDF =1.15

The equivalent distribution width parallel to the span is:

1
Eparallel = E-(LT + LLDF-Hg- 12)

ft

EparaIIeI =5.43 | ft

The equivalent distribution widths parallel and perpendicular to the span create an
area that the axial load shall be distributed over. The equivalent area is:

E =E E

area - parallel

perp’

E

area

=51.29

ft2

live load distribution factor. From LRFD [4.6.2.10.2], LLDF = 1.15
as specified in LRFD [3.6.1.2.6] for select granular backfill

For depths of fill 2.0 ft. or greater calculate the size of the rectangular area that the wheels are

considered to be uniformly distributed over, per [36.4.6.2] Exception to AASHTO.
Lt =10.0 length of tire contact area, in LRFD [3.6.1.2.5]

W1 := 20 width of tire contact area, in LRFD [3.6.1.2.5]
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The length and width of the equivalent area for 1 wheel are:

Leq_ j:= LT +LLDF-Hg 12 Leq_j = 65.20 | in

Weq_ji= W + LLDF-Hg:12 + 0.06-max(Wy,Wp) 12 [Weq j=83.84 |  in

Where such areas from several wheels overlap, the total load shall be uniformly distributed
over the area, LRFD [3.6.1.2.6].

Check if the areas overlap = "Yes, the areas overlap" therefore, use the following length and
width values for the equivalent area for 1 wheel:

Front and Rear Wheels: Center Wheel:
Length Leq13 = 65.2 in Leq2 = 65.2 in
Width Weq13 =779 in Weq2 =779 in
A . 2 .2
rea Aeq13 = 5080.4 in Aeq2 = 5080.4 in

Per LRFD [3.6.1.2.2], the weights of the design truck wheels are below. (Note that one axle
load is equal to two wheel loads.)

Wyheel1i := 4000 front wheel weight, Ibs

Wiheel23i = 16000 center and rear wheel weights, Ibs

The effect of single and multiple lanes shall be considered. For this problem, a single lane with
the single lane multiple presence factor governs. Applying the single lane multiple presence
factor:

Wivheel1 = MPF-Wyyheelqj = 4800 Ibs mpf = 1.20

Wivheel23 = Mpf-Wiyheel23i = 19200  Ibs

For single-span culverts, the effects of the live load may be neglected where the depth of fill is
more than 8.0 feet and exceeds the span length. For multiple span culverts, the effects of the
live load may be neglected where the depth of fill exceeds the distance between faces of
endwalls, LRFD [3.6.1.2.6].

Note: The wheel pressure values shown here are for the 14'-0" variable axle spacing of the
design truck, which controls over the design tandem for this example. In general, all variable
axle spacings of the design truck and the design tandem must be investigated to account for
the maximum response.

LL1 =0.94 live load pressure (front wheel), psi
LL2 = 3.78 live load pressure (center wheel), psi
LL3 =3.78 live load pressure (rear wheel), psi
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E36-1.6 Limit States and Combinations

The limit states, load factors and load combinations shall be applied as required and detailed in
chapter 36 of this manual and as indicated below.

E36-1.6.1 Load Factors
From LRFD [Table 3.4.1-1] and LRFD [Table 3.4.1-2]:

Per the policy item in [36.4.3] Assume box culverts are closed, rigid frames. Assume active
earth pressure to be conservative.

Strength 1 Service 1

DC ’YStDCmaX =1.25 ’YS1DC =1.0
’YStDCmin =0.9

DW ’YStDWmaX =15 ’YS1DW =1.0

’YStDWmin = 0.65

EV ’YStEVmaX =1.35 ’YS1EV =1.0
’YStEVmin =0.9
EH ’YStEHmaX =1.50 ’YS1EH =1.0

VStEHMIn = 0-5 | RFp [3.11.7]

LS ’YStLSmaX =175 ’YS1ES =1.0
St Smin =0
LL ’YStLL =175 ’YS1LL =1.0

Dynamic Load Allowance (IM) is applied to the truck and tandem. From LRFD [3.6.2.2], IM of
buried components varies with depth of cover above the structure and is calculated as:

IM := 33.(1_0 - 0-125""3) (where Hg is in feet) IM = 16.50

If IM is less than O, use IM =0 IM = 16.50
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The unfactored dead load moments and shears for each component are listed below (values

are per 1-foot width and are in kip-ft and kip, respectively):

Exterior Wall
Unfactored Dead Load Moments (kip-ft)

Tenth Point

(Along Span) DC EV EH LS DW
0.0 -1.52 -1.44 -5.14 -1.01 0.00
0.1 -1.42 -1.54 -0.12 -0.14 0.00
0.2 -1.31 -1.63 3.53 0.55 0.00
0.3 -1.21 -1.73 5.92 1.04 0.00
0.4 -1.10 -1.82 7.14 1.34 0.00
0.5 -1.00 -1.91 7.30 1.46 0.00
0.6 -0.89 -2.01 6.51 1.38 0.00
0.7 -0.79 -2.10 4.87 1.12 0.00
0.8 -0.68 -2.19 2.49 0.66 0.00
0.9 -0.58 -2.29 -0.54 0.01 0.00
1.0 -0.48 -2.38 -4.11 -0.82 0.00

Interior Wall
Unfactored Dead Load Moments (kip-ft)

Tenth Point

(Along Span) DC EV EH LS DW
0.0 0.00 0.00 0.00 0.00 0.00
0.1 0.00 0.00 0.00 0.00 0.00
0.2 0.00 0.00 0.00 0.00 0.00
0.3 0.00 0.00 0.00 0.00 0.00
0.4 0.00 0.00 0.00 0.00 0.00
0.5 0.00 0.00 0.00 0.00 0.00
0.6 0.00 0.00 0.00 0.00 0.00
0.7 0.00 0.00 0.00 0.00 0.00
0.8 0.00 0.00 0.00 0.00 0.00
0.9 0.00 0.00 0.00 0.00 0.00
1.0 0.00 0.00 0.00 0.00 0.00
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Top Slab
Unfactored Dead Load Moments (kip-ft)
Tenth Point
(Along Span) DC EV EH LS DW
0.0 -0.04 -1.14 -5.47 -1.18 0.00
0.1 0.73 1.45 -4.67 -1.00 0.00
0.2 1.27 3.32 -3.87 -0.83 0.00
0.3 1.60 4.48 -3.07 -0.66 0.00
0.4 1.69 4.93 -2.27 -0.49 0.00
0.5 1.56 4.67 -1.47 -0.32 0.00
0.6 1.21 3.69 -0.67 -0.15 0.00
0.7 0.63 2.01 0.13 0.03 0.00
0.8 -0.18 -0.39 0.93 0.20 0.00
0.9 -1.21 -3.50 1.72 0.37 0.00
1.0 -2.46 -7.32 2.52 0.54 0.00
Bottom Slab
Unfactored Dead Load Moments (kip-ft)
Tenth Point
(Along Span) DC EV EH LS DW
0.0 -0.60 -0.17 -7.63 -1.42 0.00
0.1 1.36 2.26 -6.51 -1.21 0.00
0.2 2.76 3.98 -5.39 -1.00 0.00
0.3 3.61 4.99 -4.27 -0.79 0.00
0.4 3.91 5.29 -3.15 -0.59 0.00
0.5 3.65 4.87 -2.03 -0.38 0.00
0.6 2.85 3.75 -0.90 -0.17 0.00
0.7 1.49 1.91 0.22 0.04 0.00
0.8 -0.42 -0.64 1.34 0.25 0.00
0.9 -2.88 -3.90 2.46 0.46 0.00
1.0 -5.89 -7.88 3.58 0.67 0.00
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Exterior Wall
Unfactored Dead Load Shears (kip)

Tenth Point

(Along Span) DC EV EH LS DW
0.0 0.09 -0.08 4.78 0.73 0.00
0.1 0.09 -0.08 3.60 0.59 0.00
0.2 0.09 -0.08 2.50 0.45 0.00
0.3 0.09 -0.08 1.49 0.30 0.00
0.4 0.09 -0.08 0.56 0.16 0.00
0.5 0.09 -0.08 -0.27 0.01 0.00
0.6 0.09 -0.08 -1.03 -0.13 0.00
0.7 0.09 -0.08 -1.69 -0.27 0.00
0.8 0.09 -0.08 -2.27 -0.42 0.00
0.9 0.09 -0.08 -2.76 -0.56 0.00
1.0 0.09 -0.08 -3.17 -0.71 0.00

Interior Wall
Unfactored Dead Load Shears (kip)

Tenth Point

(Along Span) DC EV EH LS DW
0.0 0.00 0.00 0.00 0.00 0.00
0.1 0.00 0.00 0.00 0.00 0.00
0.2 0.00 0.00 0.00 0.00 0.00
0.3 0.00 0.00 0.00 0.00 0.00
0.4 0.00 0.00 0.00 0.00 0.00
0.5 0.00 0.00 0.00 0.00 0.00
0.6 0.00 0.00 0.00 0.00 0.00
0.7 0.00 0.00 0.00 0.00 0.00
0.8 0.00 0.00 0.00 0.00 0.00
0.9 0.00 0.00 0.00 0.00 0.00
1.0 0.00 0.00 0.00 0.00 0.00
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Top Slab
Unfactored Dead Load Shears (kip)

Tenth Point

(Along Span) DC EV EH LS DW
0.0 0.74 2.45 0.67 0.13 0.00
0.1 0.55 1.86 0.67 0.13 0.00
0.2 0.36 1.26 0.67 0.13 0.00
0.3 0.17 0.67 0.67 0.13 0.00
0.4 -0.01 0.08 0.67 0.13 0.00
0.5 -0.20 -0.52 0.67 0.13 0.00
0.6 -0.39 -1.11 0.67 0.13 0.00
0.7 -0.58 -1.70 0.67 0.13 0.00
0.8 -0.76 -2.30 0.67 0.13 0.00
0.9 -0.95 -2.89 0.67 0.13 0.00
1.0 -1.14 -3.48 0.67 0.13 0.00

Bottom Slab
Unfactored Dead Load Shears (kip)

Tenth Point

(Along Span) DC EV EH LS DW
0.0 1.86 2.32 0.94 0.16 0.00
0.1 1.40 1.73 0.94 0.16 0.00
0.2 0.94 1.14 0.94 0.16 0.00
0.3 0.48 0.54 0.94 0.16 0.00
0.4 0.02 -0.05 0.94 0.16 0.00
0.5 -0.44 -0.64 0.94 0.16 0.00
0.6 -0.90 -1.24 0.94 0.16 0.00
0.7 -1.36 -1.83 0.94 0.16 0.00
0.8 -1.82 -2.42 0.94 0.16 0.00
0.9 -2.28 -3.01 0.94 0.16 0.00
1.0 -2.74 -3.61 0.94 0.16 0.00

The DC values are the component dead loads and include the self weight of the culvert and

haunch (if applicable).

The DW values are the dead loads from the future wearing surface (DW values occur only if

there is no fill on the culvert).
The EV values are the vertical earth loads from the fill on top of the box culvert.

The EH values are the horizontal earth loads from the fill on the sides of the box culvert.

The LS values are the live load surcharge loads (assuming LSy = 2.2 feet of surcharge)
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The unfactored live load load moments and shears (per lane including impact) are listed below
(values are in kip-ft and kips, respectively). A separate analysis run will be required if results
without impact are desired.

Exterior Wall
Unfactored Live Load Moments (kip-ft)

Tenth Point Truck Tandem

(Along Span) Max Min Max Min
0.0 0.73 -1.74 0.74 -1.77
0.1 0.67 -1.70 0.69 -1.92
0.2 0.61 -1.67 0.65 -2.07
0.3 0.55 -1.65 0.62 -2.21
0.4 0.48 -1.68 0.60 -2.36
0.5 0.42 -1.82 0.58 -2.51
0.6 0.37 -1.97 0.56 -2.69
0.7 0.41 -2.12 0.56 -2.86
0.8 0.47 -2.28 0.61 -3.04
0.9 0.55 -2.44 0.68 -3.21
1.0 0.65 -2.61 0.77 -3.39

Interior Wall
Unfactored Live Load Moments (kip-ft)

Tenth Point Truck Tandem

(Along Span) Max Min Max Min
0.0 0.99 -0.99 0.88 -0.88
0.1 0.93 -0.93 0.99 -0.99
0.2 0.92 -0.92 1.12 -1.12
0.3 0.90 -0.90 1.25 -1.25
0.4 0.90 -0.90 1.38 -1.38
0.5 1.08 -1.08 1.54 -1.53
0.6 1.27 -1.27 1.74 -1.74
0.7 1.47 -1.47 1.99 -1.99
0.8 1.69 -1.69 2.24 -2.24
0.9 1.92 -1.92 2.50 -2.50
1.0 217 -2.17 2.75 -2.75
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Top Slab
Unfactored Live Load Moments (kip-ft)
Tenth Point Truck Tandem
(Along Span) Max Min Max Min
0.0 0.81 -1.76 0.65 -2.16
0.1 2.24 -0.34 1.83 -0.20
0.2 3.81 -0.27 4.23 -0.32
0.3 5.06 -0.49 5.92 -0.66
0.4 5.71 -0.75 6.78 -1.04
0.5 5.76 -1.04 6.90 -1.43
0.6 5.22 -1.34 6.21 -1.82
0.7 413 -1.64 4.74 -2.22
0.8 2.56 -1.96 2.54 -2.62
0.9 0.86 -3.59 0.76 -3.02
1.0 0.07 -5.89 0.06 -4.81
Bottom Slab
Unfactored Live Load Moments (kip-ft)
Tenth Point Truck Tandem
(Along Span) Max Min Max Min
0.0 0.46 -0.67 0.40 -0.35
0.1 1.72 -0.29 2.52 -0.32
0.2 3.30 -0.76 4.46 -0.78
0.3 4.25 -1.06 5.63 -1.09
0.4 4.60 -1.24 6.06 -1.30
0.5 4.39 -1.34 5.82 -1.45
0.6 3.68 -1.39 4.96 -1.62
0.7 2.56 -1.46 3.55 -1.86
0.8 1.18 -1.57 1.62 -2.23
0.9 0.00 -2.40 0.00 -2.79
1.0 0.00 -4.90 0.00 -3.75
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Exterior Wall
Unfactored Live Load Shears (kip)
Tenth Point Truck Tandem
(Along Span) Max Min Max Min
0.0 0.1 -0.19 0.09 -0.16
0.1 0.1 -0.19 0.09 -0.16
0.2 0.11 -0.19 0.09 -0.16
0.3 0.1 -0.19 0.09 -0.16
0.4 0.11 -0.19 0.09 -0.16
0.5 0.11 -0.19 0.09 -0.16
0.6 0.1 -0.19 0.09 -0.16
0.7 0.11 -0.19 0.09 -0.16
0.8 0.1 -0.19 0.09 -0.16
0.9 0.1 -0.19 0.09 -0.16
1.0 0.11 -0.19 0.09 -0.16
Interior Wall
Unfactored Live Load Shears (kip)
Tenth Point Truck Tandem
(Along Span) Max Min Max Min
0.0 0.23 -0.23 0.21 -0.21
0.1 0.23 -0.23 0.21 -0.21
0.2 0.23 -0.23 0.21 -0.21
0.3 0.23 -0.23 0.21 -0.21
0.4 0.23 -0.23 0.21 -0.21
0.5 0.23 -0.23 0.21 -0.21
0.6 0.23 -0.23 0.21 -0.21
0.7 0.23 -0.23 0.21 -0.21
0.8 0.23 -0.23 0.21 -0.21
0.9 0.23 -0.23 0.21 -0.21
1.0 0.23 -0.23 0.21 -0.21
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Top Slab
Unfactored Live Load Shears (kip)
Tenth Point Truck Tandem
(Along Span) Max Min Max Min
0.0 2.71 -0.26 3.24 -0.33
0.1 2.33 -0.33 2.67 -0.33
0.2 1.95 -0.47 2.1 -0.33
0.3 1.56 -0.69 1.59 -0.39
0.4 1.19 -1.00 1.14 -0.67
0.5 0.85 -1.37 0.78 -1.03
0.6 0.54 -1.74 0.49 -1.46
0.7 0.30 -2.10 0.27 -1.97
0.8 0.14 -2.44 0.12 -2.54
0.9 0.04 -2.76 0.04 -3.11
1.0 0.00 -3.05 0.00 -3.66
Bottom Slab
Unfactored Live Load Shears (kip)
Tenth Point Truck Tandem
(Along Span) Max Min Max Min
0.0 2.19 -0.68 2.69 -0.68
0.1 1.61 -0.48 1.97 -0.48
0.2 1.06 -0.32 1.29 -0.32
0.3 0.54 -0.19 0.66 -0.21
0.4 0.06 -0.11 0.07 -0.14
0.5 0.01 -0.45 0.00 -0.46
0.6 0.02 -0.90 0.02 -0.96
0.7 0.02 -1.33 0.02 -1.40
0.8 0.01 -1.74 0.01 -1.80
0.9 0.00 -2.12 0.00 -2.15
1.0 0.00 -2.48 0.00 -2.46
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E36-1.6.4 Factored Moments

WisDOT's policy is to set all of the load modifiers, n, equal to 1.0. The factored moments for
each limit state are calculated by applying the appropriate load factors to loads on a 1-foot strip

width of the box culvert. The minimum or maximum load factors may be used on each

component to maximize the load effects. The results are as follows:

Strength 1 Moments

Mgtr1 = 11-(Vstpc-Mpc + stow: Mpw + stey-Mey + sten MeR + sty g- Mg + st | -M ()

s1

Corner Bars Mstricg = 17.34 kip-ft (negative moment)
Positive Moment Mstriptg = 19.59 kip-ft (positive moment)
Top Slab Bars

Positive Moment Mstripgg = 21.05 kip-ft (positive moment)
Bottom Slab Bars

Negative Moment MstriyTg = 22.00 kip-ft (negative moment)
Top Slab Bars

Negative Moment Mstrings = 24.77 kip-ft (negative moment)
Bottom Slab Bars

Exterior Wall Bars Mstriyy = 11.90 kip-ft (positive moment)
Interior Wall Bars Mstr1y = 4.82 kip-ft (positive moment)

Service 1 Moments

= n-(vs1pc-Mpg + ¥sTpw-Mpw + ¥sTEy-Mgy + ¥sTEHMEH + ¥81 g Mg + ¥sT1 - M

Corner Bars Ms1cg = 11.18 kip-ft (negative moment)
Positive Moment Ms1pTg = 11.66 kip-ft (positive moment)

Top Slab Bars

Positive Moment Ms1pgg = 12.32 kip-ft (positive moment)

Bottom Slab Bars

Negative Moment Ms1yTs = 13.15 kip-ft (negative moment)
Top Slab Bars

Negative Moment Ms1\gg = 15.08 kip-ft (negative moment)
Bottom Slab Bars

Exterior Wall Bars Ms1yy = 6.43 kip-ft (positive moment)

Interior Wall Bars Ms1y = 2.75 kip-ft (positive moment)
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E36-1.7 Design Reinforcement Bars

Design of the corner bars is illustrated below. Calculations for bars in other locations are
similar.

Design Criteria:

For corner bars, use the controlling thickness between the slab and wall. The height of the
concrete design section is:

h = mi”(tts’tbs>twex) in

Use a 1'-0" design width:
b:=12.0 width of the concrete design section, in
cover = 2.0 concrete cover, in  Note: The calculations here use 2" cover for

the top slab and walls. Use 3" cover for the
bottom of the bottom slab (not shown here).

Mstricg = 17.34 design strength moment, kip-ft
Ms1cg = 11.18 design service moment, kip-ft

fg = fy =60.0 reinforcement yield strength, ksi
Barng == 5 assume #5 bars (for dg calculation)

BarD(BarNo) = 0.63 bar diameter, in

Calculate the estimated distance from extreme compression fiber to the centroid of the
nonprestressed tensile reinforcement. LRFD [5.7.3.2.2]

BarD(BarNo)

> dS_i =9.69 |in

For reinforced concrete cast-in-place box structures, ¢¢ = 0.90 per LRFD [Table 12.5.5-1].

ds_i = h — cover -

Calculate the coefficient of resistance:

Mstr1 CB 12

Ry = ———— = 0.21 R, =021 ] ksi
N ~=0 1 =0

¢f'b'ds_i

Calculate the reinforcement ratio:

r 2R
pi=085—[1- [1.0- —
T, 0.85.f

N—

Cc
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Calculate the required area of steel:

As reqd = P-bds j As_req'd = 041 | In?

Given the required area of steel of Ag req'd = 0.41 , try #5 bars at 7.5" spacing:
Barng =5 bar size
spacing := 7.5 bar spacing, in

The area of one reinforcing bar is:

As_1 bar = BarA(BarNo) As_1 bar = 0.31 | in?

Calculate the area of steel in a 1'-0" width

A e As_1bar A =050 in2
S spacing Z’

12
Check that the area of steel provided is larger than the required area of steel

Is Ag = 0.50 in* > Ag roqq = 041 in? check = "OK" |

Recalculate d  and d based on the actual bar size used.

B B
dg := cover + M de = 2.31 in
B B
dg := h — cover - M dg = 9.69 in

Per LRFD [5.7.2.2], The factor B, shall be taken as 0.85 for concrete strengths not exceeding
4.0 ksi. For concrete strengths exceeding 4.0 ksi, B, shall be reduced at a rate of 0.05 for each
1.0 ksi of strength in excess of 4.0 ksi, except that 3, shall not be taken to be less than 0.65.

B4 =085

Per LRFD [5.7.2.1], if di < 0.6 then reinforcement has yielded and the assumption is correct.
s

"c" is defined as the distance between the neutral axis and the compression face (inches).

Aof
s .

C=———
0.85-f-B4-b

Check that the reinforcement will yield:

Is = = 0.10 <0.6? [check = "OK" ]
dg therefore, the reinforcement will yield
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Calculate the nominal moment capacity of the rectangular section in accordance with LRFD
[6.7.3.2.3]:

a:=Bq-c in
M= [Acffd. - 2L M. =230 kip-ft
n-— S 'S S 2 12 n~— :

For reinforced concrete cast-in-place box structures, ¢; = 0.90 LRFD [Table 12.5.5-1].
Therefore the usable capacity is:

M, := b M), M, = 20.7 | kip-ft

The required capacity:

Corner Moment  |Mstr1~g = 17.3 | kip-ft

Check the section for minimum reinforcement in accordance with LRFD [5.7.3.3.2]:
b=12.0 in width of the concrete design section, in
h=12.0 in height of the concrete design section, in

fo = 0_37.\/ﬁ: =0.69  modulus of rupture, ksi LRFD [5.4.2.6]

|y = ! b~h3=1728 gross moment of inertia, in4

97 12

2 =6.0 distance from the neutral axis to the extreme element
lg

S. .= —>_ - 288.00 section modulus, in3

3

The corresponding cracking moment is:

1 .
Mgy = fy-Sgrs = 16.61 12Mg, = 19.9 | kip-ft

133 Mstricg = 23.1 | kip-ft

Is M, = 20.7 kip-ft greater than the lesser of 1.2*M_ and 1.33*M_ ? [check = "OK" |
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Per LRFD [5.7.3.4], the spacing(s) of reinforcement in the layer closest to the tension face
shall satisfy:
700-~g de
s < -2-dg in which: Bg=1+—+—
Be fos 0.7-(h - dg)
Yo :=1.0 for Class 1 exposure condition
h=12.0 height of the concrete design section, in

Calculate the ratio of flexural strain at the extreme tension face to the strain at the centroid of
the reinforcement layer nearest the tension face:
B 1 — 134
ST 07(h-dg s~

Calculate the reinforcement ratio:

AS
o= p = 0.0043

b-dg

Calculate the modular ratio:

ES
N:= — = 8.06 = 8.06
C

N N

the tensile stress in steel reinforcement at the Service | Limit State (ksi). The

Calculate f,
moment arm used in the equation below to calculate f g is: (j) (h-d.)

K=/ (pN)2 + (2::N) - p:N

k
ji=1-—
: 3

Ms1cg = 11.18 service moment, kip-ft

MS1CB- 12
fos = 7 fgs = 30.23 ksi
As-(i)-(h - dg)

Calculate the maximum spacing requirements per LRFD [5.10.3.2]:

700-~¢ _

Smax1 = B—f - 2dC Smax1 =12.64 In
S 'SS

Smaxo = 18.00 i

Smax2 = min(1.5-h,18)

Smax = min(Smax1 ’Smax2) Smax = 12.64 | in
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Check that the provided spacing is less than the maximum allowable spacing

Is spacing = 7.50 in < S5y = 12.64 in [check = "OK" |

Calculate the minimum spacing requirements per LRFD [5.10.3.1]. The clear distance between
parallel bars in a layer shall not be less than:

Smin1 := 1.5-Barp(Barye) = 0.94  in
Smin2 = 1.5:1.5=2.25 in (maximum aggregate size = 1.5 inches)

Smin3 =15 in

Is spacing = 7.50 in > all minimum spacing requirements? [check = "OK" |

E36-1.8 Shrinkage and Temperature Reinforcement Check

Check shrinkage and temperature reinforcement criteria for the reinforcement selected in
preceding sections.

The area of reinforcement (A,) per foot, for shrinkage and temperature effects, on each face
and in each direction shall satisfy: LRFD [5.10.8]

o o 1:30b-(h)

ST 2.(b+ h)-fy

and 0.11 <Ag<0.60

Where: 2
A, = area of reinforcement in each direction and each face (%j
b = least width of component section (in.)
h = least thickness of component section (in.)
fy = specified yield strength of reinforcing bars (ksi) <75 ksi

Check the minimum required temperature and shrinkage reinforcement, #4 bars at 15", in the
thickest section. For the given cross section, the values for the corner bar design are:

Barp (4) in2
As_4_at_15 = 125 As_4_at_15 =0.16 | T
bTS = max(tts,tbs,twex) bTS =14.0 in
hTg = 12(Wq + Wa) + 2-tyex + tyin = 324.00 htg =324.0 | in

fy = 60.00 ksi
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For each face, the required area of steel is:

1.30-(brg)-hTs

As_Ts = 2_(

brs + hrs)fy

As 15 =0.15

is As_4_at_15 =0.16 in2 > AS_TS =0.15 in??

is 0.11 <AS 4 at 15<0.60?

.2
l

ft
[check = "OK" |
[check = "OK" |

Per LRFD [5.10.8], the shrinkage and temperature reinforcement shall not be spaced farther

apart than:

e 3.0 times the component thickness, or 18.0 in.
e 12.0in for walls and footings greater than 18.0 in. thick
e 12.0in for other components greater than 36.0 in. thick

Smax3 = 18.00

in

Per LRFD [5.10.3.2], the maximum center to center spacing of adjacent bars shall not exceed
1.5 times the thickness of the member or 18.0 in.

Smax4 = 18.00 in
is the 15" spacing < both maximum spacing requirements? |check = "OK" |
The results for the other bar locations are shown in the table below:
Results
Location ®Mn | AsRreqd | As Actual |Bar Size|  Spax Sactual
Corner 20.7 0.48 0.50 5 12.6 7.5
Pos. Mom. Top Slab 21.8 0.49 0.50 5 13.0 7.5
Pos. Mom. Bot. Slab 28.9 0.54 0.57 5 18.0 6.5
Neg. Mom. Top Slab 23.3 0.50 0.53 5 121 7.0
Neg. Mom. Bot. Slab 284 0.54 0.62 5 134 6.0
Exterior Wall 16.9 0.37 0.40 4 18.0 6.0
Interior Wall 6.9 0.15 0.16 4 18.0 15.0
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E36-1.9 Distribution Reinforcement

Per LRFD [9.7.3.2], reinforcement shall be placed in the secondary direction in the bottom of
slabs as a percentage of the primary reinforcement for positive moment as follows:

Distribution steel is not required when the depth of fill over the slab exceeds 2 feet, LRFD
[5.14.4.1].

E36-1.10 Reinforcement Details

The reinforcement bar size and spacing required from the strength and serviceability
calcuations above are shown below:

Positive Moment ~ Negative Moment
Top Slab Bars Top Slab Bars #5 @ 7”

#H@7.5
Corner Bars ny
#@7.5" (Typ) NI . ¥a
Exterior Wall Barsﬁ\ \ .
#4 @ 6" (Typ.) Tempera”ture Bars Interior V,\,/all Bars
# @15 #4 @ 15
(Typ. both slabs)
5 Temperature Bars
y # @ 15"
¢ (Typ. all wall faces)
g Construction Interior D”owel Bars
L;’ Joint (Typ.) Ly #a@1s
‘»
4 8 ‘
E:ten%f’ D-F) wel Bars Positive Moment \Negative Moment
@6 (Typ) Bottom Slab Bars Bottom Slab Bars
#5 @ 6.5 #5 @ 6
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E36-1.11 Cutoff Locations

Determine the cutoff locations for the corner bars. Per [36.6.1], the distance "L" is computed
from the maximum negative moment envelope for the top slab.

The cutoff lengths are in feet, measured from the inside face of the exterior wall.

Initial Cutoff Locations:

The initial cutoff locations are determined from the inflection points of the moment diagrams.

Corner Bars

Positive Moment
Top Slab Bars

Positive Moment
Bottom Slab Bars

Negative Moment
Top Slab Bars

Negative Moment
Bottom Slab Bars

CUtOfﬂCBH i = 2.64

CutOff1 PTS i = 1.26
CutOff1 PBS i = 1.27
CutOff1 NTS i = 8.63

CUtOfﬂNBS i = 8.97

CUtOffZCBH | = 1.57 Horizontal

CUtOffZCBV i = 2.37 Vertical

CUtOffZPTS i = 1.86
CUtOffZPBS | = 1.97
CUtOffZNTS i = 10.32

CutOff2ygg j = 10.56

For the second cutoff location for each component, the following checks shall be completed:

Check the section for minimum reinforcement in accordance with LRFD [5.7.3.3.2]:

The required capacity at the second cutoff location (for the vertical leg of the corner bar):

Mstr1 CBV2 = 7.89

strength moment at the second cutoff location, kip-ft

The usable capacity of the remaining bars is calculated as follows:

A
A2 = =
2
Aco-f
2 s2''s
0.85-f-B4b
a2 .= 61-02

Mp2 = [ASZ'fs'(ds -

M2 = bfMp

a2
2

3]

Z=04a]
Rz=0az]
11.8

S =
2=0
IVln2:
IVlr2:

Agp = 0.25 | in?
n
n

Kip-ft

10.6 | kip-ft
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Is Mo =10.6 kip-ft greater than the lesser of 1.2*M_and 1.33*M_ ? [check = "OK" |

1.2Mgp = 19.9 | Kip-ft

1.33~MStI’1Csz =10.5 | kip-ft

Calculate f

s> the tensile stress in steel reinforcement at the Service | Limit State (ksi).

MS1CBV2 =343 service moment at the second cutoff location, kip-ft

(. etz 12 0] ke
ss2 - As(J)(h _ dc) SS .

Calculate the maximum spacing requirements per LRFD [5.10.3.2]:

700-~g .
Smax2_1 = T - 2.dg Smax2_1 = 51.69 in
Bs fss2
Smax2_2 = Smax2 Smax2_2 = 1800 in

Smax = min(Smax2_1 >Smax2_2) Smax = 18.00 in

Check that the provided spacing (for half of the bars) is less than the maximum allowable
spacing

spacing2 := 2-spacing spacing2 = 15.00 in

Is spacing2 = 15.00 in < sq5, = 18.00 in lcheck = "OK" |
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Extension Lengths:

The extension lengths for the corner bars are shown below. Calculations for other bars are

similar.
Extension lengths for general reinforcement per LRFD [5.11.1.2.1]:

MaxDepth := max(ttS — cover, tyyox — COVer, tyg — coverbot) =11.00 in

1
MaxDepth — 2 BarD(BarNo CB)
——-089 ft

Effective member depth P

15-Barp(Bar,
15 x bar diameter D(12 NO—CB) =0.78 ft

M=060 ft

1/20 times clear span
20

The maximum of the values listed above:

ExtendLength_gencg = 0.89 ft

Extension lengths for negative moment reinforcement per LRFD [5.11.1.2.3]:

1
MaxDepth — 2 BarD(BarNo CB)
——-089 ft

Effective member depth P

12-Barp(Bar
12 X bar diameter D(12 No_cB) - 063 ft

0.0625 times clear span 0.0625 max(W1 aW2) =075 ft

The maximum of the values listed above:

ExtendLength_negcpg = 0.89 ft

The development length:

DevLengthcg = 1.00 ft

36E1-28
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The extension lengths for general reinforcment for the other bars are:

Corner Bars ExtendLength_gencg = 0.89 ft
Positive Moment Top Slab Bars ExtendLength_genprg = 0.85  ft
Positive Moment Bottom Slab Bars ExtendLength_genpgg = 0.97  ft
Negative Moment Top Slab Bars ExtendLength_genyTg = 0.85  ft
Negative Moment Bottom Slab Bars ExtendLength_genygg = 0.97  ft

The extension lengths for negative moment reinforcment for the other bars are:

Corner Bars ExtendLength_negcpg = 0.89 ft
Positive Moment Top Slab Bars ExtendLength_negptg = 0.85  ft
Positive Moment Bottom Slab Bars ExtendLength_negpgg = 0.97  ft
Negative Moment Top Slab Bars ExtendLength_negyTg = 0.85  ft
Negative Moment Bottom Slab Bars ExtendLength_negygg = 0.97  ft
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The final cutoff locations (measured from the inside face of the exterior wall) are:
Corner Bars CutOfficgy = 3.53 CutOff2cgy = 246 | izontal

CutOff2cgy = 326 \/grtical

Positive Moment

Top Slab Bars CutOff1 PTS = "Run Bar Entire Width of Box"

CutOff2pTg = 1.02

Positive Moment

Bottom Slab Bars CutOff1 PBS = "Run Bar Entire Width of Box"

CutOff2pgg = 1.00

Negative Moment

Negative Moment
Bottom Slab Bars CutOffings = 7-99 CutOffzngs = 959

The cutoff locations for the corner bars are shown below. Other bars are similar.

3'-6

-« >
# 2'-5 ’

lass C
Splice |

Oy~

\ Corner Bars
—4 #5@75 (Typ)
34

)/

»J 2'-5 -

3'-6
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E36-1.12 Shear Analysis
E36-1.12.1 Factored Shears

WisDOT's policy is to set all of the load modifiers, n, equal to 1.0. The factored shears for
each limit state are calculated by applying the appropriate load factors to loads on a 1-foot strip
width of the box culvert. The minimum or maximum load factors may be used on each
component to maximize the load effects. The results are as follows:

Strength 1 Shears

Vsir1 = 1(¥stpcVpe + stow: Vow + sty VEy + StEH VEH + st s Vs + st Vi)

Exterior Wall Vstriyyy = 8.69 kip
Interior Wall Vstr1)y = 0.40 kip
Top Slab Vstrig = 1220 kip
Bottom Slab Vstrigg = 12.16 kip

Service 1 Shears

Vst = 1(v81pc-Vpe + ¥s1pow Vow + ¥8Tev-VEY + ¥81EH VEH + 18T s Vs +1sT1LL-ViL)

Exterior Wall Vs1yy = 5.64 kip
Interior Wall Vst = 0.23 kip
Top Slab Vsirg = 7.62 kip
Bottom Slab Vs1gg = 7.96 kip

E36-1.12.2 Concrete Shear Resistance

Check that the nominal shear resistance, V , of the concrete in the top slab is adequate for
shear without shear reinforcement per LRFD [5.14.5.3].

As Vydg
Vy= Ve = 0.0676-\/f'—c + 4.6-T%- v, -b-dg < 0.126-\/f'—c-b-ds
fo=35 culvert concrete strength, ksi
As_Ts =053 area of reinforcing steel in the design width, in2/ft width

h:=tg =125 height of concrete design section, in
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Calculate d, the distance from extreme compression fiber to the centroid of the nonprestressed
tensile reinforcement:

BarD(BarNo) _
ds = h—cover—f ds= 10.19 | In
V, = Vstritg V=122 kips

M, = 264.01 factored moment occurring simultaneously with V,,, kip-in

b:=12 design width, in

For reinforced concrete cast-in-place box structures, ¢,, = 0.85 , LRFD [Table 12.5.5-1].

Therefore the usable capacity is:

V,d V- dg
shall not be taken to be greater than 1.0 = 0.47 <1.0 0K
MU u
A V,d
, s TS Yu'“s _
Viqs = ¢V.KO.0676-£ +4.6——= ~M—j-b~ds} Vi = 14.1 | kips
S u
put<  Vr2s = dy-(0.126- [F-b-dg) Vs = 24.5 | kips
Vyg = min(Vpqg, Vigg) = 14.1 Vig = 14.1] kips

Check that the provided shear capacity is adequate:

Is V|, = 12.2 kip < Vg =14.1 kip ? [check = "OK" |
Note: For single-cell box culverts only, V for slabs monolithic with walls 0.0948, /f -b-dg

need not be taken to be less than:

V, for slabs simply supported need not be taken to be less than: 0.0791- /f'c. b-dg

LRFD [5.8] and LRFD [5.13.3.6] apply to slabs of box culverts with less than 2.0 ft of fill.

Check that the nominal shear resistance, V,, of the concrete in the walls is adequate for shear
without shear reinforcement per LRFD [5.8.3.3]. Calculations shown are for the exterior wall.

Vp =V, = 003168, [Fo-by-dy < 0.25-F by dy

B:=2 LRFD [5.8.3.4.1]

f'C =35 culvert concrete strength, ksi

by, =12 effective width, in

h = twex = 12.0 height of concrete design section, in
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Distance from extreme compression fiber to the centroid of the nonprestressed tensile
reinforcement:

BarD(BarNo)

5 dg =969 in

The effective shear depth taken as the distance, measured perpendicular to the neutral axis,
between the resultants of the tensile and compressive forces due to flexure; LRFD [5.8.2.9]

ds = h - cover —

c

dy j=dg-—

Vi

from earlier calculations:

B = 0.85

As xw = 040 | in2

The distance between the neutral axis and the compression face:

A -f
s XW's in

Cc:=
0.85-f - Bq-by

The effective shear depth:

c
dv_i = (ds - Ej dv_i =9.29

d, need not be taken to be less than the greater of 0.9 dg or 0.72h (in.)

dy := max(dy j,max(0.9dg,0.72tey)) = 9.29 N 0.9-dg = 8.72

v i

0.72-t = 8.64

wex

For reinforced concrete cast-in-place box structures, ¢,, = 0.85 , LRFD [Table 12.5.5-1].
Therefore the usable capacity is:

Vrtw = by-(0.0316-8- [fo-by-d,) Viqw= 11| kips
but<  Vrow:= Oy(0-25F¢bydy) Viow = 83 | kips
Viw = mMin(Veqyy, Vioy) = 11 Viw =11 kips
V, = Vstrixwy Vy=87] kips

Check that the provided shear capacity is adequate:

Is V,, = 8.7 kip < V, =11.2 kip ? [check = "OK" |
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45.8 Load Rating Documentation

45.8.1 Load Rating Summary Sheet

After the structure has been load rated, the WisDOT Bridge Load Rating Summary Form
shall be completed and utilized as a cover sheet for the load rating calculations (see Figure
45.8-1). This form may be obtained from the Bureau of Structures or is available on the
following website:

http://on.dot.wi.gov/dtid bos/extranet/structures/LRFD/PlanSubmittalindex.htm

Note:

The Load Rating Summary Form is not required to be completed and sent in for

concrete box culvert structures.

Instructions for completing the form are as follows:

1.

2.

Check what method was used to rate the bridge in the space provided.

Enter all data for all items corresponding to the vehicle type. Capacities for the
posting vehicles do not have to be calculated if the Operating rating factor is greater
than 1.0 for the HL-93 (LRFR) or the HS20 (LFR).

The rating for the Wis-SPV is always required and should be given on the rating
sheet for both a multi-lane distribution and a single-lane distribution. Make sure not
to include the future wearing surface in these calculations. All reported ratings are
based on current conditions and do not reflect future wearing surfaces.

For the Operating rating, enter the lowest rating for each appropriate vehicle type,
subject to the above requirements.

For the controlling element, make sure to enter the element (Slab, deck girder, lower
truss chord, etc.) as well as the check (moment, shear, etc).

Be specific in describing where the controlling rating is located. For example, for
girder bridges, enter the controlling span, girder-line, and location within the span (Ex.
Span 2, G3, midspan).

For the live load distribution factor, enter the DF for the controlling element. Be sure
to specify if it is a shear DF or a moment DF.

Enter all additional remarks as required to clarify the load capacity calculations and, if
necessary, recommend posting signage.

It is necessary for the responsible engineer to sign and seal the form in the space
provided.

45.8.2 Load Rating on Plans

The plans shall contain the following rating information:
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Inventory Load Rating — The plans shall have either the HS value of the inventory
rating if using LFR or the rating factor for the HL-93 if using LRFR. This rating shall
be based on the current conditions of the bridge at the point when the construction is
complete and shall not use the future wearing surface. For new concrete box culvert
structures, place a rating factor of 1.05 on the plans.

Operating Load Rating — The plans shall have either the HS value of the operating
rating if using LFR or the rating factor for the HL-93 if using LRFR. This rating shall
be based on the current conditions of the bridge at the point when the construction is
complete and shall not use the future wearing surface. For new concrete box culvert
structures, place a rating factor of 1.35 on the plans.

Wis-SPV — The plans shall also contain the results of the Wis-SPV analysis utilizing
single-lane (single trip permit) distribution and assuming that the vehicle is mixing with
normal traffic and that the full dynamic load allowance is utilized. This rating shall be
based on the current conditions of the bridge at the point when the construction is
complete and shall not use the future wearing surface. The recorded rating for this is
the total allowable vehicle weight rounded down to the nearest 10 kips. If the value
exceeds 250 kips, limit the plan value to 250 kips. For new concrete box culvert
structures, place a value of 255 kips for the allowable vehicle weight on the plans.

Note: The culvert ratings indicated above will be used by BOS as a placeholder until policy
(AASHTO and WisDOT) is determined for rating culverts.
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