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PURPOSE 
This report documents the design of three headwalls composed of timber, steel pipe piles, and 
cable tiebacks.  

 
OVERVIEW 

The headwalls are briefly described as follows: 
 
1. Headwall, maximum 6-feet high with timber cross-members, steel pipe piles, cable tiebacks, 

and double steel channel walers. 
 
2. Headwall, maximum 11-feet high with timber cross-members, steel pipe piles, cable 

tiebacks, and double steel channel walers. 
 
3. Headwall, maximum 16-feet high with timber cross-members, steel pipe piles, cable 

tiebacks, and double steel channel walers. 

 
SOIL PROPERTIES 
The shear strength of a soil is the most important parameter when designing a headwall. The 
properties of soil that affect shear strength are unit weight, γ, internal friction angle, φ, cohesion, 
c, and degree of saturation, S. The placement of granular backfill, along with spaced timbers, 
allows saturated soil conditions to be neglected. 

The shear strength of a soil is the characteristic that controls how much vertical pressure is 
transferred to lateral pressure by the soil. The higher the shear strength, the less pressure is 
transferred laterally. Cohesive soils such as clay normally have higher shear strength than 
non-cohesive soils like sands and silts.  The exception occurs when clay becomes wet.  When 
clay absorbs water it loses much of its shear strength and its unit weight increases. 

Parkhill, Smith & Cooper, Inc. (PSC) performed an evaluation of the soil parameters for both 
cohesive and non-cohesive. The results indicate that cohesive soils, specifically wet clay, control 
the design for this project.  The properties of the wet clay designed for include:  unit weight, γ, of 
130 pounds per cubic foot (pcf), internal friction angle, φ , of 28 degrees, and a value of 27 
pound per square foot (psf) for cohesion, c.  Highly plastic soils require special design 
considerations due to their expansive nature when becoming wet, as well as their tendency to 
cause creep. Geotechnical soil testing is required for these highly plastic soils, those soils with a 
Plasticity Index (PI) of 25 or greater.   
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LOADS 

The headwalls will undergo lateral loading resulting from the weight of the soil being supported 
and the surcharge from vehicle traffic and construction loads. Hydrostatic pressure loading shall 
be neglected because water will be allowed to flow out through spaces in headwall timbers. 

SOIL PRESSURE 

The weight of the soil supported by the headwall creates a lateral loading on the wall that 
increases with depth. The lateral load for the soil pressure is a percentage of the vertical 
pressure or vertical stress, vσ .  Vertical stress in a soil is given by the equation: 

 

Where,
 Unit weight of soil
 Depth of soil

v H

H

σ γ

γ

=

=
=

 

 

The properties of soil cause a transfer of this vertical stress, vσ , to a horizontal stress, vσ . 
The horizontal stress is found by reducing the vertical stress by a factor. This factor is known 
as the coefficient of lateral earth pressure, K. There are three types of lateral earth pressures 
which have their own respective lateral earth pressure coefficients. These coefficients are: 

 
Ko :  Coefficient of lateral earth pressure at rest. 
Ka :  Coefficient of active lateral earth pressure. 
Kp :  Coefficient of passive lateral earth pressure. 

 

The type of deflection the soil experiences is what defines these coefficients. For this design, 
the deflecting soil in question is the soil nearest the headwall. Ko assumes the soil has not 
deflected. Ka assumes the soil has undergone a positive deflection; the soil has pushed the 
wall out away from its original position. Kp assumes the soil has undergone a negative 
deflection; the wall pushed against or compacted the soil. For design purposes, Ko is 
neglected. In this design, Ka is used where the soil pushes against the headwall, and Kp is 
used where the headwall pushes against the soil in the embedment. 

The coefficients of active earth pressure, Ka, and passive earth pressure, Kp, can be 
determined using either Rankine’s or Coulomb's theories.  The values for these coefficients 
are given by the following equations: 
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Non-Cohesive Soils (Coduto 2001) 
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Cohesive Soils (FHWA-IF-99-015 1999) 
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(Note: In all cases Kp shall be reduced by a factor of safety of 1.5.)  

After determining these coefficients the lateral earth pressures acting on the wall were 
calculated using a linear soil pressure distribution similar to hydrostatic pressure distribution. 
The equation for lateral earth pressure is given by: 
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Unsaturated (Coduto 2001) 

Where,
coefficient of lateral earth pressure

unit weight of the soil
depth of soil

h K K H
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SURCHARGE LOAD 

A surcharge load acting along the ground service was assumed to act on the headwall from 
vehicle traffic and construction loads. A 100 psf surcharge load was assumed to act 
uniformly on the ground surface. This uniform load was then multiplied by the coefficient of 
active earth pressure, Ka, to obtain the pressure acting on the wall.  

 
DESIGN PROCEDURES 
The headwall design for the Natural Resources Conservation Service (NRCS) followed the 
free-end design method. The design will uses an anchored cantilever design for all other cases. 
This design assumes the pile is rigid.  Several components of the headwalls were constant 
through each design height.  These components include: 10” steel pipe piles, embedment of 8’, 
cable size of ¾” diameter, 2C7x9.8 walers, and 4”x12” timbers.  Since most components in the 
design are constant the only things that vary for the different wall heights include: the number 
and spacing of walers with tiebacks, the spacing of the tiebacks, and spacing of the piles.   

SPACING OF PILES 

Determining the pressure profile on the wall allows the calculation of the allowable spacing 
of the piles.  For the case where one tieback is present statics can be used to find the 
allowable spacing of the piles.  Assuming the moments about the tieback are zero creates a 
statically determinate problem with two unknowns. The two unknowns are the depth of 
embedment and the force in the tieback. Assuming moments about the tieback are zero drops 
out the second unknown, the force in the tieback, leaving only one unknown. Solving for the 
depth in this equation creates an easily solvable second order polynomial. 

Wall heights with multiple levels of tiebacks create a statically indeterminate problem.  A 
structural analysis program, RISA 2-D, was used to model a two dimensional section of the 
wall.  To create a stable model, it was assumed that that passive soil pressure at the 
embedment of the pile acted as a pin at the resultant of the triangular passive pressure 
distribution.  The tiebacks were modeled as roller connections.   
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STABLILITY 

It is required that soil retaining structures be able to withstand overturning failure and sliding 
failure with a factor of safety of at least 1.5 for each.  In this design the cable tiebacks 
restrain the wall from overturning while the embedment prevents sliding.  Each stability 
check was made in the calculations (see appendix) with each exceeding the required factor of 
safety.   

PILE DESIGN 

Once the loadings were determined, the capacity of the steel pipe pile was checked. This 
design included determining the maximum stress in the pipe for both bending and shear. The 
yield stress of the steel was assumed to be 36 ksi and the design used the ASD steel 
construction manual to design the members. 

TIMBER DESIGN 

The design of the timber members included factors such as bending, shear, and bearing. 
Deflection was not considered in this design since serviceability is not an issue related to 
headwall design. The bending stress in the member was checked at the base of the headwall 
where the greatest pressure would be present. The “National Design Specification for Wood 
Construction” was used to determine the maximum bending stress and the maximum shear 
stress in the wood. This bending stress was then multiplied by design value adjustment 
factors. These factors include a repetitive member factor, CR, a wet service factor, CM, a flat 
use factor, CFU, a size factor, CF, and a shear stress factor, CH. A design value of 825 psi 
was used for the maximum bending stress and 95 psi for the maximum shear stress.  

 
ASSUMPTIONS 
Free-end design method assumes the pile is rigid and rotates about the tieback or the top of the 
wall.  The free-end design method assumes the soil pressure is in an active state above the base 
of retaining wall. Below the bottom of the retaining wall, the pressure is assumed to be in a 
passive state. It was assumed that saturated conditions would not be present in the soil behind the 
retaining wall because excess water would be able to flow out between the timbers in the wall.  

The active soil pressures were calculated using Rankine’s Theory for Soils which assumes: 
(Coduto, 2001) 
 
1. The soil is homogeneous and isotropic, which means, c, φ, and γ have the same values 

everywhere, and they have same values in all directions at every point. 

2. The most critical shear surface is a plane.  



Headwall Standard Design 
December 2006 

 

 
PARKHILL, SMITH & COOPER, INC. Page - 6 01292604 

3. The ground surface is a plane, although it does not necessarily need to be level.  

4. The wall is infinitely long so that the problem may be analyzed in only two dimensions.  

5. The resultant of the normal and shear forces that act on the back of the wall is inclined at an 
angle parallel to the ground service.  

It was assumed the worst loading case for the headwall design would be that of wet clay.  When 
clay becomes wet it absorbs water which increases its unit weight.  The friction angle, φ, for clay 
is smaller which equates to a larger value for Ka.  The combination of these variable results in a 
greater lateral load imparted on the wall.      
 
BILL OF MATERIALS 

6 FT HEADWALL 
Max 6' Headwall Height =              ft 

  Quantity Unit Total Quantity Length =             ft 
10" Pipe 0.700 lf    
4x8 Timbers 1.600 lf    
3/4" Cable 0.517 lf    
C7x9.8 0.333 lf    
1/2" Dia Bolts 0.133 ea    
10 GA Screws 1.000 ea    
Lock Washers 0.150 ea    
3/4" Dia Bolts 0.150 ea    
1/2 Plate 0.004 sf    
1"x30" Eye Bolts 0.025 ea    
Cable Clamps 0.033 ea    

(Note: all units are per linear foot of wall per unit height of wall) 

11 FT HEADWALL 
Max 11' Headwall Height =              ft 

  Quantity Unit Total Quantity Length =             ft 
10" Pipe 0.518 lf    
4x8 Timbers 1.600 lf    
3/4" Cable 1.691 lf    
C7x9.8 0.364 lf    
1/2" Dia Bolts 0.145 ea    
10 GA Screws 1.000 ea    
Lock Washers 0.136 ea    
3/4" Dia Bolts 0.136 ea    
1/2 Plate 0.005 sf    
1"x30" Eye Bolts 0.018 ea    
Cable Clamps 0.036 ea    

(Note: all units are per linear foot of wall per unit height of wall) 
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16 FT HEADWALL 
Max 16' Headwall Height =              ft 

  Quantity Unit Total Quantity Length =             ft 
10" Pipe 0.750 lf    
4x8 Timbers 1.600 lf    
3/4" Cable 2.906 lf    
C7x9.8 0.375 lf    
1/2" Dia Bolts 0.250 ea    
10 GA Screws 1.615 ea    
Lock Washers 0.250 ea    
3/4" Dia Bolts 0.250 ea    
1/2 Plate 0.016 sf    
1"x30" Eye Bolts 0.063 ea    
Cable Clamps 0.063 ea    

(Note: all units are per linear foot of wall per unit height of wall) 
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PURPOSE 
This engineering report documents the design procedure for optional rock riprap headwall used 
downstream of steel pipe pile headwalls.  Channel instability can develop downstream from 
culvert outlets due to localized erosion known as a scour hole.  Scour hole or localized erosion 
can occur even if the downstream channel is stable.  The severity of damage to be anticipated 
depends upon the conditions existing or created at the outlet.  In many situations, flow conditions 
can produce scour resulting in embankment erosion as well as structural damage to the headwall 
or culvert.  A flat rock riprap apron can be used to prevent erosion at the transition from a pipe or 
box culvert to a natural channel. 

 
OVERVIEW 
The downstream optional rock riprap is briefly described as follows: 

Placed rock riprap at the end of the outlet having sufficient average size of stone and 
configuration of a horizontal blanket to control or prevent localized scour downstream of an 
outlet.  Protection is provided primarily by having sufficient length and flare to dissipate energy 
by expanding the flow.  Riprap aprons are appropriate when the culvert outlet Froud Number is 
less than or equal to 2.5. 

 
Froude number - A unit less mathematical expression used to describe a flow field. 
Froude numbers greater than or equal to 1 are supercritical, less than 1 are subcritical. 
The equation for Froude number is  
 

gh
VF

2

=  

where 
 
F = the Froude number 
 
V = the fluid velocity 
 
g = gravity 
 
h = fluid depth 

SOIL PROPERTIES 

Parkhill, Smith & Cooper, Inc. (PSC) assumed outlet conditions of non-cohesive sandy soils, 145 
pounds per cubic foot (pcf) for the unit weight of soil. 
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TAILWATER CONDITIONS, DISCHARGE, CULVERT DIMENSIONS AND CASES 

General 
PSC researched available literature for design criteria and design methods for rock riprap.  
Two publications provided good technical information and procedures which PSC 
incorporated to prepare this engineering report and the standard drawing.  The Georgia 
Stormwater Management Manual, Section 4.5, Energy Dissipation Design included good 
design guidelines and procedures and even referenced 1975 USDA SCS nomographs for 
stone riprap sizing and apron length.  PSC could not locate the original SCS source. 
However, PSC incorporated the procedures and conditions documented in the Georgia 
Stormwater Management Manual.  The second publication, TM 5-820-3, AFM 88-5, Chap. 
3, Drainage and Erosion-Control for Structures for Airfields and Heliports, June 1991, also 
contains similar design criteria and procedures with the added benefit of design formulas.  
Both references are reproduced in this design report in the appendix. 

Tailwater Conditions 
Both references used by PSC included two conditions for downstream culvert tailwater 
levels, one for minimum and one for maximum tailwater conditions.  Generally, if the 
tailwater is less than one half the discharge flow depth (pipe diameter if flowing full), 
minimum tailwater conditions exist.  Otherwise, maximum tailwater conditions exist. 

Discharge and Culvert Dimensions 
PSC examined full pipe discharges resulting from various culvert diameters on varying 
slopes. 

 

Culvert Diameters:  12”, 18”, 24”, 30”, 36”, 42”, 48”, 54” and 60” 
Culvert Slopes:  0.010 feet/foot to 0.10 feet per foot in 0.01 feet/foot increments 
Manning’s Coefficient:  0.024 representing corrugated metal pipe 

 
PSC used Haestad Methods, Inc., software, “FlowMaster” to calculate the discharge of these 
culverts sizes and slopes.  The software printouts are include the appendix.  A summary of 
the results is as follows: 

 
Rating Table for Circular Channel – Full Pipe Flow 

 Discharge (cfs) 
Channel Slope 

(ft/ft) 12” 18” 24” 30” 36” 42” 48” 54” 60” 

0.01 1.93 5.69 12.2 22.2 36.1 54.5 77.8 107 141 
0.02 2.73 8.05 17.3 31.4 51.1 77.1 110 151 200 
0.03 3.34 9.85 21.2 38.5 62.6 94.4 135 185 244 
0.04 3.86 11.4 24.5 44.4 72.2 109 156 213 282 
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Rating Table for Circular Channel – Full Pipe Flow 
 Discharge (cfs) 
Channel Slope 

(ft/ft) 12” 18” 24” 30” 36” 42” 48” 54” 60” 

0.05 4.32 12.7 27.4 49.7 80.8 122 174 238 315 
0.06 4.73 13.9 30.0 54.4 88.5 133 191 261 346 
0.07 5.11 15.0 32.4 58.8 95.6 144 206 282 373 
0.08 5.46 16.1 34.7 62.8 102 154 220 301 399 
0.09 5.79 17.1 36.8 66.6 108 163 233 320 423 
0.10 6.10 18.0 38.8 70.2 114 172 246 337 446 

DESIGN PROCEDURES 

The average size of stone (d50) and configuration of a horizontal blanket of stone riprap at the 
outlet invert elevation required to control or prevent localized scour downstream can be 
estimated using formulas developed by TM 5-820-3.  PSC considered two tailwater conditions, 
½ full flow depth and full flow depth, which represents minimum tailwater conditions and 
maximum tailwater conditions. 

Minimum Average Size of Stone (d50) 
For a given discharge, culvert dimensions, and tailwater depth relative to the outlet invert, the 
minimum average size of stone (d50) for a horizontal blanket of protection can be determined 
using the following formula: 

3/4

2/5

2

50 ⎟
⎠
⎞

⎜
⎝
⎛

=
o

o

D
Q

TW
CDd  

where 

d50 = diameter of average size stone (feet) 

Do = diameter of circular culverts (feet) 

C = coefficient = 0.020 for horizontal blanket 

TW = tailwater depth above invert of culvert outlet (feet) 

Q = discharge (cubic feet per second, cfs) 

 

The maximum stone diameter (Dmax) should be 1.5 times d50 in a well graded riprap apron.  
The riprap thickness should be 1.5 times the maximum stone diameter or 6 inches, whichever 
is greater.  Apron thickness can be reduced to 1.5 times d50 when an appropriate filter fabric 
is used under the apron.  PSC recommends using the filter fabric. 
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Length of Stone Protection (Lsp) 
The length of stone protection can be determined by the following formulas; 

  
For TW less than ½ Do (Minimum Tailwater Condition) 
 

78.1 2/5 +⎟
⎠
⎞

⎜
⎝
⎛=

o
osp D

QDL  

where 
 
Lsp = length of stone protection (feet) 
 
Do = diameter of circular culverts (feet) 
 
Q = culvert discharge (cubic feet per second, cfs) 
 
For TW equal to or greater than Do (Maximum Tailwater Condition) 
 

⎟
⎠
⎞

⎜
⎝
⎛= 2/53

o
osp D

QDL  

where 
 
Lsp = length of stone protection (feet) 
 
Do = diameter of circular culverts (feet) 
 
Q = culvert discharge (cubic feet per second, cfs) 
 

As a check, PSC calculated the Froude number for each culvert discharge.  When the Froude 
number exceeded 2.5, the tabular values were shaded grey.  These values are not 
recommended. 
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Horizontal Blanket Configuration 
The recommended configuration of the horizontal blanket is shown in the following figure.  
The width of the stone protection (Wsp) is a function of the culvert diameter and Lsp as 
follows: 

For TW less than ½ Do Minimum Tailwater Condition) 
 

sposp LDW += 3  
 
where 
 
Wsp = width of stone protection 
 
Do = diameter of circular culverts (feet) 
 
Lsp = length of stone protection (feet) 
 
For TW equal to or greater than Do (Maximum Tailwater Condition) 
 

5
2

3 sp
osp

L
DW +=  

 
where 
 
Wsp = witdth of stone protection 
 
Do = diameter of circular culverts (feet) 
 
Lsp = length of stone protection (feet) 

DESIGN SUMMARY 

Based on the above design procedures PSC prepared tables for each of the nine culvert diameters 
(Do), the ten different flows (Q) and the two tailwater conditions, for a total of 18 tables.  These 
tables are included in this engineering report in Appendix A.  While these tables can be used to 
select the rock riprap dimensions and quantities, the intent of a standard drawing is to simplify 
and standardize the dimensions.  PSC reviewed the tabular data to determine an appropriate 
method to simplify and standardize the rock riprap apron dimensions and properties.  Minimum 
tailwater conditions generally require the larger rock size (d50) and wider aprons (Wsp).  
Maximum tailwater conditions generally require longer apron lengths (Lsp).  PSC also noted 
there were fewer changes in dimensions at the lower flow regimes.  Considering that a Froude 
number less than 1 indicates subcritical flow, and that riprap aprons are appropriate when culvert 
outlet Froude Number is less than 2.5, PSC prepared a comparison table for the varying culvert 
dimensions based on a Froude Number of 1 and 2.5.  PSC followed the same procedures and 
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used the same formulas to develop two tables, one for minimum tailwater conditions and one for 
maximum tailwater conditions.  Using the results of these two tables, PSC selected the larger 
value from the two tables for rock size (d50), apron length (Lsp) and apron width (Wsp).  These 
values then become the basis for the standard drawing and bill of materials. 

Do

WSP

LSP

HeadwallCulvert

Flow

Rock
Riprap

 

BILL OF MATERIALS 

Stone Riprap Dimensions and Quantities 
Using the standardized dimensions, PSC developed spreadsheets to document the 
d50 (minimum average diameter of stone), Lsp (length of stone protection) and width (Wsp).  
d50 is rounded up to the nearest inch.  Lsp and Wsp are rounded to the nearest foot.  Based on 
these dimensions, the spreadsheet calculates the stone riprap volumes in cubic yards and tons 
based on a stone density of 165 pounds per cubic foot. The spreadsheet also includes the 
filter fabric quantities. 
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