HYDRAULIC FORCES SUMMARY

Total
Debris  Hydrostatic Hydrostatic Total Drag Total Force Elevation
WSEL U/S Thickness Force U/S Force D/S  Hydrostatic Force Force  Each Pier Resultant
Debris Loading Case (ft) (ft) (Ibs) (Ibs) Force (Ibs) (Ibs) (Ibs) (kips) Force (ft)
Single Pier Loading 594.54 9 240,084 194,468 45,616 143,170 188,786 189 590.0
Nine-Pier Loading 596.24 9 240,084 121,405 118,679 34,444 153,123 153 591.3

All-Pier Loading

Piers 1-6 (left overbank) 603.42 18.52 1,547,744 344,699 1,203,045 ,216,698 1,217 592.0
Piers 7-11 (channel) 603.42 25.42 2,915,871 1,103,801 1,812,070 1,830,809 1,831 588.5
Piers 12-18 (right overbank) 603.42 1492 1,004,511 119,218 885,293 896,292 896 593.9

ASSUMPTIONS: Single, 12-foot diameter circular piers

2850-foot bridge
9-pier loading scenario assumes 9 piers with debris accumu S et wide by 9 feet deep (maintenance scenario)
All-pier loading scenario assumes 18 piers with debris accumu 95 feet wide and to the full depth of flow (no-maintenance scenarios)

100-year flood discharge of 127,900 cfs
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Assume: Debris accumulation only on single pier

Superstructure is not submerged
Ineffective flow areas from the debris defined by 1:1 contraction and 2:1 expansion
Depth of debris is 9 ft

Data:
Left station of debris= ft Right station of debris=
Upstream water surface elevation, Ws, = 594.54 ft RS 9395.42
Downstream water surface elevation, WSpg= 593.64 ft RS 9255.50
Debris Bottom, DBg, = 585.54 ft (9' debris depth)
Width of debris accumulation, Wp= 95 ft
Y= 62.4 lbs/ft’
g= 32.2 ft/s®

Horizontal hydrostatic force
An= Area of the debris accumulation below the upstream water surface
Ahu: (WSUS'DBEL)*WD
An= 855 ft*

Ang= Area of the debris accumulation below the downstream water suface
Ang= (WSDS'DBEL)*WD
Ang= 769.5 ft*

hcu= Vertical distance to centroid of Ahu =0.5(WS5-DBg,)
hcu= 4.5 ft

hcu= Vertical distance to centroid of Ahd =0.5(WSps-DBg,)
hcu= 4.05 ft

Fn,= Hydrostatic force upstream = yh Ay,
240,084 Ibs

Fnq= Hydrostatic force downstreal
194,468 Ibs

Fn= Total hydrostatic force on pile
45,616 Ibs

Blockage ratio V2
B= Ad FD CD7/AD z
A+ A
A= 855 ft*
A= 17,283.28 ft’ low area at BR US

B= 0.05
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Hydrodynamic drag force
V= Reference velocity, see discussion in Subsection 4.3.3.1, m/s (ft/s)
If B>30%, Vr is based on the maximum average veloctity in the contracted section of the entire bridge opening
If B<30%, Vr is based on the maximum local average velocity near the pier and debris accumulation
i.e., maximum average flow velocity in the main channel for piers located in the main channel
maximum average flow velocity in the left overbank for piers located in the left overbank

V= 9.98 ft/s Maximum local channel velocity from flow distribution RS 9395.42
V= 16.54 ft Maximum channel depth from RS 9395.42
F= 0.432
On Piles Cp= Drag coefficient, see Tables 4.1 and 4.2
Cp= 1.74

Fo= Drag force, (lbs)
143,170 Ibs

Total Force on Single Pier Accumulation
F= Total segment force = Fy+Fp
F= 188,786 Ibs

Location of Forces on Single Pier Accumulation

FreL = Elevation of hydrostatic force = DB, +

FreL = 589.82 ft

FpeL = Elevation of drag force = 0.5(WSys+DBg,)
590.04 ft

Fe = Elevation of total force =

Fe = 589.99 ft
Fhst= Station of hydrostatic force = 0 + right station of debris)
Fost= Station of drag force = Fyg
Fsr= Station of total force = Fpgr

Frst=Fpst=Fs1= - ft
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Assume: Debris accumulation on nine piers

Superstructure is not submerged
Ineffective flow areas from the debris defined by 1:1 contraction and 2:1 expansion
Depth of debris is 9 ft

Data: Pier 1-5  in the left overbank
Left station of debris= ft Right station of debris= ft
Upstream water surface elevation, Ws = 596.24 ft RS 9395.42
Downstream water surface elevation, WSps= 593.64 ft RS 9255.50
Debris Bottom, DBg, = 587.24 ft (9' debris depth)
Width of debris accumulation, Wp= 95 ft
Pier 7-10 in the channel
Left station of debris= ft Right station of debris= ft
Upstream water surface elevation, Ws = 596.24 ft RS 9395.42
Downstream water surface elevation, WSps= 593.64 ft RS 9255.50
Debris Bottom, DBg, = 587.24 ft (9' debris depth)
Width of debris accumulation, Wp= 95 ft
v= 62.4 lbs/ft®
g= 32.2 ft/s®

Horizontal hydrostatic force
An,= Area of the debris accumulation below the upstream water surface
Ahu= (Wsus'DBEL)*WD
Pier 1-5 An= 855 ft* Pier 7-10 An= 855 ft*
Ang= Area of the debris accumulation below the downstream water suface
Ang= (WSps-DBg)*Wp
Pier 1-5 Ane= 608 ft* Pier 7-10 Ana= 608 ft

va

hcu= Vertical distance to centroid of Ahu =0.5(WSys-DBg,)
Pier 1-5 hcu= 45 ft Pier 7-10 hcu= 45 ft

hcu= Vertical distance to centroid of Ahd =0.5(WSps-DBg,)
Pier 1-5 hcu= 3.2 ft Pier 7-10 hcu= 3.2 ft

Fn,= Hydrostatic force upstream = yh Ap,
Pier 1-5 Fri= 240,084 Ibs Pier 7-10 Fns= 240,084 b

Fng= Hydrostatic force downstream = yh 4Ang

Pier 1-5 Fra= 121,405 Ibs Pier 7-10 Frg= 121,405 Ibs

Fn= Total hydrostatic force on pile = Fy,, - Frg
Pier 1-5 Fn= 118,679 Ibs Pier 7-10 Fn=

Blockage ratio B A, F - V,
A+ A m
Pier 1-10 Ag= 7,695 ft*
A= 11,951.80 ft* Flow area at BR US
B= 0.39

Hydrodynamic drag force
V,= Reference velocity, see discu
If B>30%, Vr is based on the maximum d tion of the entire bridge opening
If B<30%, Vr is based on the maximy the pier and debris accumulation
i.e., maximum average flo for piers located in the main channel
maximum average flow ve i or piers located in the left overbank

Pier 1-5 V= 4.96 ft/s Pier 4.96 ft/s Total bridge opening velocity at RS 9395.42 (active flow within limits of bridge opening)
Y= 8.98 ft 8.98 ft Total bridge opening hydraulic depth at RS 9395.42 (top width active flow / flow area)
F= 0.292 0.292
On Piles Cp= Drag coefficient, see Tables 4.1 and 4.2
Cp= 1.69 Cp= 1.69
Fp= Drag force, (Ibs) Fp= Drag force, (Ibs)
34,444 Ibs 34,444 lbs
Total Force on Single Pier Accumulation
F= Total segment force = Fy+Fp
Pier 1-5 F= 153,123 Ibs Pier 7-10 F= 153,123 Ibs
Location of Forces on Single Pier Accumulation _DB WS_. _ DB
Fhu (VVSJS EL) _ th( DS EL )
FrheL = Elevation of hydrostatic force = DB, + F 3
h
Pier 1-5 FreL = 591.13 ft Pier 7-10 Frer= 591.13 ft
FpeL = Elevation of drag force = 0.5(WSys+DBg)
FoeL = 591.74 ft FoeL = 591.74 ft
i FD FDEL + Fh FhEL
Fe = Elevation of total force = 7F
Fe = 591.26 ft Fe = 591.26 ft
Fhst= Station of hydrostatic force = 0.5(Left station of debris + right station of debris)
Fost= Station of drag force = Fysr
Fsr= Station of total force = Fpgr=Fpst

Frst=Fpst=Fsr= - ft Frst=Fpst=Fsr= - ft
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Assume: Debris accumulation on all 18 piers
Superstructure is not submerged
Ineffective flow areas from the debris defined by 1:1 contraction and 2:1 expansion
Depth of debris is full-flow depth
Data: Pier 1-6 in the left overbank
Left station of debris= ft Right station of debris= ft
Upstream water surface elevation, Ws,s= 603.42 ft RS 9395.42
Downstream water surface elevation, WSps= 593.64 ft RS 9255.50
Debris Bottom, DBg, = 584.9 ft Average bottom left overbank
Width of debris accumulation, Wp= 95 ft
Pier 7-11 in the channel
Left station of debris= ft Right station of debris= ft
Upstream water surface elevation, Ws,s= 603.42 ft RS 9395.42
Downstream water surface elevation, WSps= 593.64 ft RS 9255.50
Debris Bottom, DBg, = 578 ft Bottom channel
Width of debris accumulation, Wp= 95 ft
Pier 12-18 in the right overbank
Left station of debris= ft Right station of debris= ft
Upstream water surface elevation, Ws,s= 603.42 ft RS 9395.42
Downstream water surface elevation, WSps= 593.64 ft RS 9255.50
Debris Bottom, DBg, = 588.5 ft Average bottom right overbank
Width of debris accumulation, Wp= 95 ft
9= 32.2 fiis?
Horizontal hydrostatic force
An= Area of the debris accumulation below the upstream water surface
An= (WSs-DBg )*Wp
Pier 1-6 An= 1759.4 ft* Pier 7-11 An= 2414.9 ft* Pier 12-18 An= 1417.4 ft*
Ang= Area of the debris accumulation below the downstream water suface
Ana= (WSps-DBg)*Wp
Pier 1-6 Ang= 830.3 ft Pier 7-11 Ang= 1485.8 ft* Pier 12-18 Ang= 488.3 ft°
hcu= Vertical distance to centroid of Ahu =0.5(WSs-DBg|)
Pier 1-6 hcu= 9.26 ft Pier 7-11 hcu= 12.71 ft Pier 12-18 hcu=
hcu= Vertical distance to centroid of Ahd =0.5(WSps-DBg|)
Pier 1-6 hcu= 4.37 ft Pier 7-11 hcu= 7.82 ft Pier 12-18 hcu=
Fn,= Hydrostatic force upstream = yh,Ap,
Pier 1-6 Fro= 1,547,744 |bs Pier 7-11 Fn= 2,915,871 Ibs Pier 12-18 Fr,=
Fng= Hydrostatic force downstream = yhgqAng
Pier 1-6 Frg= 344,699 lbs Pier 7-11 Fne= 1,103,801 Ibs Pier 12-18
Fn= Total hydrostatic force on pile = Fy, - Frg
Pier 1-6 Fn= 1,203,045 Ibs Pier 7-11 Fp=" 1,812,070 Ibs Pier 12-18
Blockage ratio A V, \VAd
B= F = Fo =CpoyA, =
A+A oy, o =Cor 29
Pier 1-18 A= 32,553 ft
A= 1618642 ft* Flow area at BR US
B= 0.67

Hydrodynamic drag force

V,= Reference velocity, see discussion in Subsection 4.3.3.1, m/s (ft/s)

If B>30%, Vr is based on the maximum average veloctity in the contracted section of the

If B<30%, Vr is based on the maximum local average velocity near the pier and deb

Pier 1-6 V= 2.75 ftls Pier 7-11 V= Pier 12-18 2.75 ftls
i 16.16 ft Y= i 16.16 ft
F= 0.121 F= F= 0.121
Cp= Drag coefficient, see Tables 4.1 and 4.2
On Piles Cp= 0.70 Cp= 0.70
Fp= Drag force, (Ibs) Fp= Drag force, Fp= Drag force, (Ibs)
13,652 Ibs 10,999 Ibs
Total Force on Single Pier Accumulation
F= Total segment force = Fy+Fp
Pier 1-6 F= 1,216,698 Ibs Pier 12-18 F= 896,292 Ibs
Location of Forces on Single Pier Accumulation
FneL = Elevation of hydrostatic force = E
h
Pier 1-6 Fre = 592.01 ft Pier 7-11 Frec= 588.46 ft Pier 12-18 Fre = 593.91 ft
FpeL = Elevation of drag force = 0.5(WSys+DBg)
FoeL = 594.16 ft FogL = 590.71 ft FoeL = 595.96 ft
. FoFoee + FiFie,
Fe = Elevation of total force = f
Fe= 592.03 ft Fe = 588.48 ft Fe= 593.94 ft
Fhst= Station of hydrostatic force = 0.5(Left station of debris + right station of debris)
Fpst= Station of drag force = Fnst
Fsr= Station of total force = Fpst=Fpnst
Frst=Fpst=Fs1= 0.00 ft Frhst=Fpst=Fs1= 0.00 ft Frst=Fpst=Fs1= 0.00 ft

Total bridge opening velocity at RS 9395.42 (active flow within limits of bridge opening)
Total bridge opening hydraulic depth at RS 9395.42 (top width active flow / flow area)
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Reference: Debris Control Structures Evaluation and Countermeasures, Third Edition, FHWA-IF-04-016

Hydrodynamic drag force

V,2
FD = CD}/AD E

where:
Fp= Drag force, N (lbs)
Cp= Drag coefficient, see Tables 4.1 and 4.2
y= Specific weight of water, N/m*® (Ibs/ft®)
Ap= Area of wetted debris based on the upstream water surface elevation proje

normal to the flow direction, m* (ft*)

V= Reference velocity, see discussion in Subsection 4.3.3.1, m/s (ft/s)
g= Acceleration of gravity, 9.81 m/s® (32.2 ft/s?)

Blockage ratio

B= Ad
At A

where:
B= Blockage ratio
A4= Cross-sectional flow area blocked by debris in t

Froude number

where:
F= Froude number

V= Reference velocity,
g= Acceleration of g
Y= Average flow de

Horizontal hydrostatic force

|Fh =7(hcuAhu_hchhd)

where:
Fr= Horizontal hydrostatic force on area A,, N (Ibs)

v= Specific weight of water, N/m3 (Ibs/ft®)
he,= Vertical distance from the upstream water surface to the centroid of area Ahu, m (ft)
An= Area of the vertically projected, submerged portion of the debris accumulation below the upstream water surface, m2 (ft2)
heq= Vertical distance from the downstream water surface to the centroid of area Ahd, m (ft)
Ang= Area of the vertically projected, submerged portion of the debris accumulation below the downstream water surface, m2 (ft2)
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