
State of Washington

DEPARTMENT OF FISH AND WILDLIFE

Mailing Address: 600 Capitol Way N ' Olympia, WA 98501-1091 ' (360) 902-2200, TDD (360) 902-2207
Main Office Location: Natural Resources Building'1111 Washington StreetSE'Olympia,WA

March 16,2012

Mr. Arny Stonkus, P.E.
Wild Fish Conservancy
P.O. Box, 15629 Main Street NE
Duvall, V/A 98019

Re: Cherry Valley Wildlife Area - Bridge Installation

Dear Mr. Stonkus:

A packet of information regarding the bridge to be installed over Waterwheel Creek at the Cheny
Valley Wildlife Area is attached. This packet includes a signed and stamped Geotechnical Report
prepared by Landau and Associates. This report was provided to Reid Middleton for design of the
foundation. A signed and stamped foundation design is also attached in the packet.

You also requested a signed and stamped bridge design. We are currently soliciting this bridge for
purchase and have provided our bridge specifications in the packet. 'We require that the bridge vendor
supply the design and calculation packet upon issuance of the purchase order. We will provide you
with that information as soon as we get it. As an agency, we require that all bridges we purchase to be
designed and stamped by a'Washington State licensed structural engineer. We also require that the
engineer have at least 5 years of bridge design experience. Because this will be a steel bridge, we are

also requiring that the fabricator is certified in American Institute of Steel Construction in small bridge
fabrication. V/e hold our bridge vendors to the highest of standards. The loading criteria for the bridge
are described in the specifications. A set of these specifications was provided to the foundation design
engineer as well and used in the calculation of the foundation design.

For reference purposes only, a set of drawings and calculations from a similar bridge is included in the
packet. This is the standard of design and calculation we require from our bridge vendors. We expect
to have the actual plans and specifications for the 'Waterwheel Creek Bridge in 4-6 weeks.
Understanding that this information is required by King County, we will do our best to expedite the
process. 'We have also provided a cost estimate for the acquisition of the bridge and the construction
of the foundation.

The following items are attached in the packet:
1.

2.
J.

4.

5.

Geotechnical Report
Plan Sheet for Waterwheel Creek
Foundation Design
Cost Estimate for the Bridge
A sample of a typical bridge design that we require of our vendors (Tunk Creek Bridge)



Mr. Arny Stonkus
March 76,2012
Page2

Thank you for your assistance with this project. If you have any questions, please contact Kristen Kuykendall
P.E. at 360.902.8383, or via email at Kristen.Kuykendall@dfrr.wa.qov.

Kristen Kuykendall, P.E., Environmental Engineer, CAMP
Read File
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1.0 INTRODUCTION 

This report presents the results of our field investigations and provides our geotechnical 

engineering conclusions and recommendations for design and construction of bridges at four separate 

work areas at the Cherry Valley site north of Duvall, Washington.  The proposed bridges will replace 

existing culverts crossing drainage ditches at the project site.  The purpose of this study was to complete 

one soil boring at each proposed bridge location, to characterize subsurface soil and groundwater 

conditions encountered, and to develop geotechnical conclusions and recommendations for design and 

construction of the bridges. 

The general project location is shown on the Vicinity Map (Figure 1).  The locations of the four 

work areas are shown on Work Area Locations (Figure 2).  An exploration plan and proposed bridge 

section is presented for each of the work areas on Figures 3 through 6.  We understand that final bridge 

superstructure configurations may change somewhat from those shown on Figures 3 through 6.  Appendix 

A presents a description of the field exploration program and summary boring logs.  Appendix A also 

includes a description of the laboratory testing program and the results of the laboratory testing. 

This report has been prepared based on our discussions with representatives of Washington State 

Department of Fish and Wildlife (WDFW); permit level drawings prepared by WDFW; anticipated 

foundation loads provided by WDFW and Reid Middleton; the results of the explorations completed for 

this project; our familiarity with geologic conditions within the vicinity of the project area; and our 

experience on similar projects. 

 

1.1 PROJECT UNDERSTANDING 

We understand that WDFW plans to replace four existing 3- to 4-foot diameter culverts at several 

locations (Work Areas 1 through 4) with single span, voided-slab concrete bridges.  A steel girder bridge 

is also under consideration at Work Area 4.  As currently envisioned, the bridges will be approximately 

14 ft wide and between 20 and 45 ft long.    We further understand that the standard foundation for these 

bridges is typically about 3 ft wide and 16 ft long.  Reactions at the bridge supports at Work Area 4 (the 

longest bridge) are expected to be about 40 kips for dead loads (DC and DW) and about 20 kips for 

vehicle live load (LL); somewhat lower dead loads are anticipated for the bridges at the other Work 

Areas.  Due to relatively low live load capacity, the bridges will have a posted 10-ton weight restriction.  

The bridges are to be designed in general accordance with the 2010 AASHTO LRFD Bridge Design 

Specifications (2010 AASHTO LRFD Specifications; AASHTO 2010). 
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1.2 SCOPE OF SERVICES 

Landau Associates was contracted by WDFW to provide geotechnical services to support design 

of the project.  Our services were provided in accordance with our Revised Proposal for Geotechnical 

Engineering Services dated November 30, 2011 and Amendment No. 3 to the 2011-2013 On-Call 

geotechnical services contract between WDFW and Landau Associates.  Written authorization to proceed 

was provided by Mr. Bill Phillips on December 13, 2011. 

Our scope of services included the following specific tasks: 

 Reviewing readily available geological and geotechnical information for the project area. 

 Drilling one soil boring at each of the four culvert replacement sites to characterize 
subsurface soil and groundwater conditions at each location.  Borings were advanced to 
depths ranging from approximately 29 to 49 ft below the existing ground surface (BGS). 

 Logging each soil unit observed in the exploratory borings and recording pertinent 
information, including soil sample depths, stratigraphy, soil engineering characteristics, and 
groundwater occurrence. 

 Completing geotechnical laboratory testing consisting of natural moisture content and 
Atterberg limit determinations on selected soil samples obtained from the borings.  One 
dimensional consolidation testing was also performed on one soil sample.  The results of the 
laboratory analyses are presented in Appendix A. 

 Submitting two soil samples for corrosion and sulfide testing, in order to assess the potential 
for corrosion of buried metallic foundation elements. 

 Completing geotechnical engineering analyses and developing geotechnical engineering 
conclusions and recommendations for design and construction of the proposed bridges. 

 Preparing and submitting this written report summarizing our findings, conclusions, and 
recommendations for the project.  The report includes: 

- a site plan showing the locations of the subsurface explorations completed for this 
investigation 

- descriptive summary logs of the conditions observed in the subsurface explorations 
completed for this study 

- a summary of surface and subsurface conditions observed in the vicinity of the bridge 
work areas 

- an evaluation of appropriate foundation types to support the proposed bridges 

- code based seismic design parameters 

- an assessment of the geologic hazards at the site including: evaluation of stream bank 
slope stability under static and seismic loading conditions and liquefaction and lateral 
spreading 

- recommendations for deep foundations, including recommended type; anticipated tip 
elevation; axial capacity; settlement, uplift capacity; L-pile parameters for 12-inch 
diameter driven steel pipe piles; and parameters for contractor design of helical piers or 
helical piles 
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- a discussion of lateral loads due to backfill against buried portions of the bridge 
foundations 

- a discussion of the erosion potential of exposed soil slopes following culvert removal. 
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2.0 EXISTING CONDITIONS 

This section provides a discussion of the general surface and subsurface conditions observed at 

the work areas at the time of our investigation.  Interpretations of the site conditions are based on the 

results of our review of readily available geologic and geotechnical information, and the results of our site 

reconnaissance, subsurface explorations, and laboratory testing. 

 

2.1 SURFACE CONDITIONS 

The work areas are located within Cherry Valley–a broad, relatively flat, east-west trending 

valley that extends about 2.5 miles east of the Snoqualmie River about a mile north of Duvall, 

Washington.  The work areas are within the Snoqualmie floodplain.  At the time of our site visits, 

vegetation around each work area consisted of tall, wild grasses and scattered brush.  “Spongy” ground, 

muddy conditions, and areas of standing water were noted in many areas around the project site.  The 

graveled access road that parallels the Lateral A ditch was moderately passable by the 4x4 pickup truck 

and track-mounted drill rig used during subsurface exploration in December 2011, though some areas of 

shallow ponded water were present along portions of the wheel paths.  At Work Areas 1, 2, and 3, 

significant depressions were present above the culvert crossings.  This suggests that large settlements of 

the culvert and overlying fill have occurred since these culverts were installed.  Large settlements were 

not evident at Work Area 4, although this could be due to filling of previous depressions. 

 

2.2 GEOLOGIC SETTING 

General geologic information for the project area was obtained from the Geologic Map of the 

Monroe 7.5-Minute Quadrangle, King and Snohomish Counties, Washington (Dragovich et al. 2011), 

published by the Washington Division of Geology and Earth Resources.  According to Dragovich, 

subsurface deposits at the project site consist of Holocene-age alluvial levee deposits and peat deposits.  

These deposits typically consist of very soft or loose deposits of sand, silt, and mud (levee alluvium) and 

peat, muck, and organic silt and clay (peat deposits).  Subsurface conditions observed in our explorations 

are consistent with the mapped geologic unit descriptions.  None of our explorations encountered firm or 

dense soil conditions suitable for the support of shallow foundations, although suitable bearing can be 

provided by lower soils using deep foundations.  A discussion of suitable foundation types is discussed in 

a later section. 
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2.3 SUBSURFACE SOIL CONDITIONS 

Subsurface soil and groundwater conditions at the proposed bridge locations were explored on 

December 12 and 13, 2011 by advancing and sampling four soil borings using a track-mounted drill rig 

and the mud-rotary drilling method.  Borings B-1 and B-3 were each advanced to a depth of about 49 ft 

BGS.  Borings B-2 and B-4 were each advanced to a depth of about 29 ft BGS.  The approximate 

locations of these exploratory borings are shown on Figures 3 through 6 of this report.  A discussion of 

the field exploration procedures, together with edited logs of the exploratory borings, is presented in 

Appendix A.  A discussion of the laboratory test procedures and the test results are also presented in 

Appendix A. 

At boring B-1 (Work Area 1), we observed approximately 2 ft of gravelly, silty sand (fill) 

overlying about 8 ft of very soft, highly compressible, organic-rich clay and silt with occasional thin 

organic fiber mats.  From about 10 to 30 ft BGS, we encountered very soft, low- to high-plasticity silt 

with scattered to occasional organics.  Soft to very soft, organic-rich silt was again encountered from 

about 30 to 35 ft BGS, followed by loose to medium dense silty sand and sand with silt from about 35 to 

45 ft BGS.  Very soft clayey silt was encountered from about 45 ft to the bottom of the boring at 49 ft 

BGS. 

At borings B-2, B-3, and B-4, about 2 ft of gravelly, silty sand (fill) overlying interbeds of very 

soft, organic-rich silt, clay and peat to depths ranging from about 20 to 28 ft BGS (note, however, a 6 ft-

thick layer of fine sand at boring B-3).  Below these depths we observed soft to very soft, low- to high-

plasticity silt with relatively few organics. 

 

2.4 GROUNDWATER 

Due to the mud rotary drilling method used to advance the exploratory borings and the low-

permeability of the fine-grained soils encountered, at-time-of-drilling water levels should be considered 

approximate.  At the time of drilling, groundwater was observed at approximately 2 to 5 ft BGS in each 

boring.  Due to the close proximity of the drainage ditch to the boring locations, these depths appear to 

correlate with the water level observed in the ditch during drilling.  It should be noted that the 

groundwater conditions reported on the summary logs are for the specific locations and dates indicated, 

and therefore may not necessarily be indicative of other locations and times.  Furthermore, it is 

anticipated that groundwater conditions will vary depending on subsurface conditions, the weather, the 

level of the water in the adjacent oxbow, and other factors.  Groundwater levels are expected to fluctuate 

seasonally. 
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3.0 CONCLUSIONS AND RECOMMENDATIONS 

Based on conditions observed during subsurface exploration, shallow foundations would not be 

appropriate for support of the proposed replacement bridges.  Shallow foundations would experience 

excessive settlements.  Weak soils in the shallow subsurface do not provide a factored resistance 

exceeding the factored bridge loads.  Bridge support should be provided by deep foundations, such as 

driven or drilled piles or micropiles.  Our recommendations for deep foundations are included in a 

following section. 

Permanent cuts of between 1½H:1V and 2H:1V are feasible as shown on the preliminary 

sections. 

 

3.1 SEISMIC HAZARDS 

The Pacific Northwest is seismically active and the site could be subject to ground shaking from a 

moderate to major earthquake.  Consequently, earthquake shaking should be anticipated during the design 

life of the proposed bridges and they should be designed to resist earthquake loading using appropriate 

design methodology. 

 

3.1.1 CODE BASED SEISMIC DESIGN 

We understand that seismic design of the proposed bridges will be in accordance with the 2010 

AASHTO LRFD Specifications.  Based on the results of the borings completed for the project, the near-

surface soil profile is classified as Site Class E.  The following spectral accelerations for an earthquake 

with a 7 percent probability of exceedance in 75 years (USGS 2012) should be used to determine the 

design response spectrum per Figure 3.10.4.1-1 of the 2010 AASHTO LRFD Specifications: 

 

Spectral Acceleration for Short Periods (SS):     81% of gravity (0.81g) 
Spectral Acceleration for a 1-Second Period (S1):    27% of gravity (0.27g) 
Peak Horizontal Ground (Soft Rock) Acceleration Coefficient (PGA): 36% of gravity (0.36g) 

 

The following table summarizes the values of the site coefficients that should be utilized for Site 

Class E. 
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SITE COEFFICIENTS FOR SITE CLASS E 
 

 Fa Fv Fpga 
Site Class E 1.12 2.92 1.01 

 

3.1.2 LIQUEFACTION 

 Liquefaction is defined as a significant rise in pore water pressure within a soil mass caused by 

earthquake-induced cyclic shaking.  The shear strength of liquefiable soil is reduced during large and/or 

long-duration earthquakes as the soil consistency approaches that of a semi-solid slurry, which can result 

in significant and widespread structural damage if not properly mitigated.  Deposits of loose, granular soil 

below the water table are most susceptible to liquefaction, although some non-plastic and low-plasticity 

silts and clays are also considered to be susceptible to liquefaction.  Damage caused by foundation 

rotation, slope failure, seismically induced settlement, and a reduction in bearing capacity are frequently 

observed in areas where liquefaction has occurred. 

Geotechnical data (i.e., Standard Penetration Test blow counts) from the soil borings advanced 

for the project were analyzed to estimate the factor of safety against liquefaction at the proposed bridge 

locations.  The potential for liquefaction of the granular soils was assessed using the “modified simplified 

procedure” presented by Youd et al. (2001).  Where appropriate, recommendations for liquefaction 

susceptibility evaluations proposed by Idriss and Boulanger (2008) were incorporated into our analysis. 

The liquefaction susceptibility of the cohesive soils was assessed using the method proposed by 

Bray and Sancio (2006).  According to the criteria described by Bray and Sancio, any fine-grained deposit 

with a plasticity index less than 12 and a water content greater than 85 percent of the liquid limit is 

potentially susceptible to liquefaction. 

The potential for liquefaction was evaluated for an earthquake with a return period of 975 years 

(7 percent probability of exceedance in 75 years).  This seismic event corresponds to a magnitude 6¾ 

earthquake producing a peak horizontal ground acceleration of 0.37g (Fpga*PGA).  According to the 

WSDOT Geotechnical Design Manual (WSDOT GDM; WSDOT 2011), a factor of safety of 1.2 or less 

indicates that liquefaction is likely to occur during the design seismic event. 

Our analysis indicates that the coarse-grained alluvium present between 35 and 40 ft BGS in 

boring B-1 and between 5 and 11 ft BGS in boring B-3 have a factor of safety of less than 1.2, and are 

therefore considered susceptible to liquefaction during the design seismic event.  Based on the results of 

the laboratory testing of the samples obtained from the borings, about 10 percent of the fine-grained 

deposits meet the criteria established by Bray and Sancio for being susceptible to liquefaction. 

Liquefaction of the near-surface soils will result in ground subsidence.  The amount of post-

liquefaction ground subsidence during the design earthquake was estimated using empirical methods 

developed by Tokimatsu and Seed (1987).  The empirical method is based on studies of areas that had 
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undergone liquefaction.  We estimate that liquefaction induced settlement will be on the order of 0 to 

about 2 inches.  Differential settlement at each bridge abutment could approach one-quarter of the total 

settlement.  Differential settlement between the two bridge abutments could approach one-half of the total 

settlement. 

The actual magnitude and extent of liquefaction and liquefaction induced settlement will depend 

on many factors.  These factors include the duration and intensity of the ground shaking during the 

seismic event and local soil and groundwater conditions.  Therefore, the extent of liquefaction, as well as 

the magnitude of associated settlement, may vary from that estimated above. 

 

3.2 STABILITY OF PROPOSED CUT SLOPES 

As currently envisioned, the existing culverts will be removed at each proposed bridge crossing 

and the new ditch slopes at those locations will be excavated to inclinations of 1½H:1V to 2H:1V 

(horizontal to vertical).  A total slope height of between 5 and 7½ ft is planned at each crossing.  The 

computer slope stability program, SLIDE Version 5.0 (Rocscience Inc. 2003), was used to evaluate the 

global stability of cut slopes at the work areas under static and seismic loading conditions.  SLIDE 

evaluates the stability of circular and non-circular failure surfaces in soil or rock using vertical slice limit 

equilibrium calculations.  For this project, several calculation methods were used to calculate forces that 

would cause slope movement (driving forces) and the forces resisting slope movement (resisting forces) 

for each selected failure surface.  The ratio of resisting force to driving force for a given failure surface is 

referred to as the factor of safety (FOS).  SLIDE uses a searching routine to determine the critical failure 

surfaces (i.e., those surfaces with the lowest factors of safety) for a given slope. 

The potential effect of seismic loading on the proposed cut slopes was analyzed assuming a peak 

horizontal ground acceleration of 0.37g (Fpga*PGA) for a seismic event with a probability of exceedance 

of 7 percent in a 75-year period (return period of 975 years).  The horizontal forces developed during 

earthquake shaking were represented in the stability analyses by a “pseudo-static” seismic coefficient, kh.  

For slopes in natural soils, it is typical to assume that kh is equal to approximately one-half of the 

horizontal peak ground acceleration from the design level earthquake.  Therefore, for the purpose of our 

seismic stability analysis, kh was assumed to be 0.18.  The pseudo-static slope stability analysis is 

generally only completed on the critical surface determined during the static slope-stability analysis. 

At Work Areas 1, 2, and 4, soils throughout the depth of interest for slope stability were modeled 

as very soft, cohesive soil.  At Work Area 3, this same soil type was included in the SLIDE model, but an 

intervening cohesionless soil was modeled between 5 and 11 ft BGS.  These soil types are consistent with 

soil types observed during drilling.  For the purpose of the SLIDE analysis, groundwater was assumed to 

be located 5 ft BGS; this depth to groundwater was observed to produce lower slope stability results than 
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those calculated for other groundwater levels analyzed.  Summaries of the SLIDE input parameters and 

calculated results are tabulated below. 

Work Areas 1, 2, and 4  (1½H:1V Slopes) 

Depth  Slope  Static Analysis 
Pseudo‐Static 

Seismic 

Range  Height  Drained  Undrained  (kh = 0.18g) 

0‐20 ft  6 ft,  total 
' = 24° 

Su = 150 psf  Su = 150 psf 
c' = 50 psf 

Minimum F.o.S.:  1.58  1.64  1.3 

 
Work Area 3 (2H:1V Slope) 

Depth  Slope  Static Analysis 
Pseudo‐Static 

Seismic 

Range  Height  Drained  Undrained  (kh = 0.18g) 

0‐5 ft 

7.5 ft, total 

' = 24°  Su = 150 psf  Su = 150 psf 
   c' = 50 psf 

5‐11 ft  ' = 33° 
(drained params. used) 

(drained params. 
used)    c' = 0 psf 

11‐20 ft 
' = 24°      c' = 50 

psf 
Su = 150 psf  Su = 150 psf 

Minimum F.o.S.:  1.35  1.59  1.05 
 

In a slope stability analysis (either static or pseudo-static seismic loading), slopes with a high 

potential of failure are represented by a FOS of 1.0 or less.  A FOS of 1.0 indicates that the forces driving 

instability are equal to the forces resisting instability.  Washington State Department of Transportation 

(WSDOT) provides guide recommendations for appropriate factors of safety for cut slope.  Cut-slopes are 

typically considered to be stable under permanent or sustained conditions (i.e., static loading conditions) 

if the calculated minimum FOS is 1.25 or greater.  For seismic loading conditions, a FOS of 1.05 or 

greater is considered appropriate when evaluating the likelihood of failure.  These FOS levels are 

appropriate where impacts to foundations are likely to be minor or non-existent, such as for the proposed 

bridges supported by deep foundations. 

Our analysis indicates that the proposed 1½H:1V cut slopes at Work Areas 1, 2, and 4 are 

adequately stable under static and seismic loading conditions.  At Work Area 3, the proposed 2H:1V cut-

slope is adequately stable under static and seismic loading conditions. 
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3.3 BRIDGE FOUNDATIONS 

Based on the subsurface conditions observed in our borings, weak, highly-compressible, organic-

rich soils are present beneath each of the proposed bridge locations to depths ranging from 10 to 28 ft 

BGS.  Below these depths, very soft to soft clayey silt and occasional interbeds of loose to medium dense 

sand are present.  We used the computer program Settle3D (Rocscience 2010), results of consolidation 

testing, and correlations of soil compressibility with geotechnical index tests to estimate the amount of 

settlement that would occur beneath 3 ft x 16 ft spread footings supporting the bridge ends.  Soils at each 

work area are unsuitable for the use of shallow footings to resist bridge loads and would experience 

settlements of about 2 to 4 inches within a year following construction, plus 1 to 3 inches of additional 

settlement over the next 10 to 20 years.  In addition, the soils are not strong enough to provide an 

adequate factored resistance to support factored bridge reaction loads.  Larger, deeper footings or gravel 

mats would increase the factored foundation resistance; however, we calculated that even a significantly 

larger footing (5 ft x 16 ft) would not provide adequate resistance.  In addition, larger footings would 

cause additional settlement and would likely require temporary construction de-watering and excavation 

shoring.  Although pre-loading of soft soils can be an effective strategy to strengthen the soil and induce 

settlement prior to construction, we do not think that pre-loading would be able to strengthen the soil 

sufficiently to allow spread footings or cause settlement to occur quickly enough to meet the desired 

project construction schedule.  In addition, pre-loading could destabilize the existing drainage ditch slopes 

and impact the project area unduly due to the large quantity of imported pre-load fill that would be hauled 

to the site.  Finally, pre-loading the soils would likely not mitigate the liquefaction hazard. 

Bridge loads should be supported by deep foundations.  At Work Area 4, unfactored dead and 

live load reactions of approximately 40 and 20 kips (respectively) will be resisted by the foundations at 

each bridge end.  Somewhat lower dead loads are anticipated for the bridges at the other Work Areas.    

Due to the potential for liquefaction, and to reduce settlements of the bridge foundation during service 

loading and following liquefaction, we recommend that all of the bridge foundations extend to a depth of 

at least 50 ft BGS.  As discussed below, deep foundations could include driven piles, drilled micropiles, 

or helical piles.  Based upon discussion with the project team, we understand that drilled micropiles are 

the preferred foundation alternative. 

 

3.3.1 PILES AND MICROPILES 

Driven piles and drilled micropiles share many similar properties and design considerations, 

which are discussed here and in several subsections. 
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Site access constraints, potential pile driving impacts, and crane requirements could make the 

installation of driven piles difficult.  However, driven piles would provide adequate support of the bridge 

without generating drilling spoils and would allow larger diameter piles to be used, possibly reducing 

foundation material and labor costs.  For initial design, we estimated the capacity of driven 12-inch 

diameter steel pipe piles.  Driven piles can be installed using conventional hammer-impact equipment 

(air, steam, or diesel).  Installation using vibratory methods may also be successful at the project site. 

Drilled steel micropiles allow the use of smaller installation equipment and can provide 

construction advantages where a limited construction footprint is available.  Micropiles are typically 

drilled to the design depth using steel casing segments that are 5 to 10 ft in length.  Upon reaching the 

design depth, the casing is partially retracted while Portland cement grout is injected into the borehole.  

We recommend that permanent micropile casings extend at least 20 ft BGS in order to reduce downdrag 

loads resulting from long-term settlement of the shallow organic soils.  Depending upon the grout 

injection method within the bearing layer, the grout-to-ground bond strength can vary widely.  Because of 

their small diameter (typically 3 to 10 inches) micropiles are usually installed in groups.  Groups 

consisting of a greater number of smaller diameter micropiles can be used to reduce negative moments 

within the pile cap due to point loading of the foundation elements.  This approach also allows for greater 

design redundancy.  For initial design, we estimated the capacity of 6- and 10-inch diameter micropiles 

with low-pressure (“hydrostatic”) grout injection.  Higher injection pressures usually produce much 

higher capacities.   

 

Axial Capacity 

For 12-inch diameter closed-end steel pipe piles driven to a depth of 50 ft BGS, we estimate an 

ultimate load capacity of about 45 kips per pile.  For 6- and 10-inch micropiles drilled to a depth of 50 ft 

BGS, we estimate ultimate capacities of 21 and 34 kips, respectively.  The estimated ultimate capacity for 

other depths is presented on Figure 7.  Downward axial loads will be carried primarily by skin friction 

developed along the portion of the pile located below the highly-organic soils at each Work Area.  This 

occurs at depths of between 10 and 28 ft BGS (the values plotted assume a depth of 20 ft).  For driven 

piles in soft clay, a small portion of the total capacity is provided by end-bearing.  For micropiles, any 

contribution from end-bearing is typically ignored.  LRFD procedures require using resistance factors that 

reflect the loading condition (i.e., Limit State) and the foundation capacity calculation method used.  For 

piles and micropiles, we recommend that the following resistance factors be used when evaluating the 

Service, Strength, and Extreme limit states: 
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 For driven piles, a resistance factor of 0.35 should be applied for the Strength Limit load 
condition 

 For drilled micropiles, a resistance factor of 0.44 should be applied for the Strength Limit 
load condition.  In addition, load testing of at least one micropile at each Work Area must be 
performed to validate design assumptions. 

 For piles and micropiles, a resistance factor of 1.0 should be used for the Service and 
Extreme Limit load conditions. 

The capacity of a pile or micropile is reduced when installed in proximity with other piles or 

micropiles.  For groups with spacings of less than 6 pile/micropile diameters (center-to-center), a group 

reduction factor should be applied to each pile or micropile.  This factor may be taken as 1.0 for a spacing 

of 6 diameters and 0.65 at a spacing of 2.5 diameters; linear interpolation of the group reduction factor 

should be made for intermediate spacings. 

 

Downdrag Loads 

The near-surface high-organic content soils will settle during the design life of the proposed 

bridges.  The settlement of these soils will create downdrag loads on the foundations that should be 

considered in the design.  We estimate that the average downdrag load on 12-inch diameter steel pipe 

piles will be about 8 kips.  For 6- and 10-inch micropiles, we estimate an average downdrag of about 4 

and 7 kips, respectively.  Downdrag loads at each of the work areas will vary due to differing thickness of 

the uppermost organic layers, plus variations in the soil from area to area.  Downdrag loads should be 

added to the factored dead and live loads for the Strength and Service Limit state.  We recommend a load 

factor of 1.4 for downdrag loads at Strength Limit state and 1.0 for the Service Limit.  Downdrag loads 

need not be considered for the extreme limit state. 

 

Uplift Capacity 

The unfactored (i.e., “ultimate)  uplift resistance of a pile or micropile group, Rug, should be taken 

as the minimum of the nominal uplift resistance of the group considered as a block or the sum of the 

individual uplift resistances, including the group reduction factor. 

The nominal uplift resistance for a single pile due to side resistance, Rs, is presented on Figure 7.  

The nominal uplift resistance of a group can be taken as the weight of the soil and pile located within a 

prism as shown in the diagram below.  A buoyant unit weight of 42 pounds per cubic foot (pcf) should be 

utilized in the soil weight calculations. 
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We recommend that the following resistance factors be used when evaluating the service, 

strength, and extreme limit states for single piles and pile groups loaded in uplift. 

 
 

UPLIFT RESISTANCE FACTORS FOR PILE AND MICROPILE DESIGN 

Limit State 
Resistance Factor,  

Single Pile/Micropile Group 

Strength 0.25 0.50 

Service 1.00 1.00 

Extreme 0.80 0.80 

 
 

Lateral Capacity 

The following tables provide the recommended input soil parameters for an LPILE Plus 5.0 

(Ensoft 2005) analysis of lateral load behavior (both static and seismic conditions).  These values can be 

applied for driven piles and drilled micropiles.  Generally, lateral resistance behavior is most influenced 

by soil characteristics a relatively short distance below the pile cap.  At Work Areas 1, 2, and 4 the 

following soil profile inputs should be used for lateral analysis. 

 

 



3/15/12  P:\1213\006\FileRoom\R\Cherry Valley Final Report.docx LANDAU ASSOCIATES 
 3-9 

RECOMMENDED INPUT SOIL PARAMETERS FOR LATERAL ANALYSIS – WORK AREA 1, 2, 4 

 
 

Depth BGS(a) 
(inches) 

Soil 
Type/(Soil 

Profile 
Number) 

Soil 
Unit 

Weight 
(pci) 

Soil Internal 
Angle of 
Friction 

(degrees) 

 
Soil 

Cohesion 
(psi) 

 
 

k-value 
(pci) 

 
 
 

E50 
0 to 24 Sand/(4) 0.064 32 --- 25 --- 

24 to 120 Soft Clay/(1) 0.019(b) --- 1.0 --- 0.020 

>120 Soft Clay/(1) 0.027(b) --- 2.0 --- 0.020 

 
(a) Below Ground Surface as measured from boring location 
(b) Buoyant unit weight. 
 

Due to the sand layer present at Work Area three, a modified soil profile should be considered for 

lateral resistance at that location. 

 

RECOMMENDED INPUT SOIL PARAMETERS FOR LATERAL ANALYSIS – WORK AREA 3 
 

 
 

Depth BGS(a) 
(inches) 

Soil 
Type/(Soil 

Profile 
Number) 

Soil 
Unit 

Weight 
(pci) 

Soil Internal 
Angle of 
Friction 

(degrees) 

 
Soil 

Cohesion 
(psi) 

 
 

k-value 
(pci) 

 
 
 

E50 
0 to 24 Sand/(4) 0.064 32 --- 25 --- 

24 to 60 Soft Clay/(1) 0.019(b) --- 1.0 --- 0.020 

60 to 132 Sand/(4) 0.027(b) 33 --- 60 ---  

>132 Soft Clay/(1) 0.027(b) --- 2.0 --- 0.020 

 
(a) Below Ground Surface as measured from boring location 
(b) Buoyant unit weight. 

 

To account for group effects, the soil resistance, p, shall be reduced as specified in the following 

table.  The multipliers (Pm) are a function of the center-to-center spacing of the piles (expressed in 

multiples of pile diameter, D) in the group in the direction of the loading.  Sketches showing load and row 

configurations are presented below. 

                   

Pm values should be selected from the following table.  For intermediate pile spacings, Pm values 

may be interpolated. 
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PILE LOAD MODIFIERS, Pm 
 

 Pile Load Modifiers, Pm 
Pile Center to 

Center Spacing(a) 
 

Row 1 
 

Row 2 
 

Row 3 and Higher 
2D 0.45 0.33 0.25 

3D 0.70 0.50 0.35 

5D 1.00 0.85 0.70 

 
(a) In direction of loading. 

 

 

Construction Considerations 

Deep foundations will be driven or drilled through alluvium composed of very soft to soft organic 

clayey silt, with layers of peat and loose to medium dense sand.  At Work Area 1, dense sand may be 

encountered near the bottom of the foundations.  Wood debris and logs are often encountered in alluvial 

deposits and may be encountered during culvert removal and foundation construction.  During subsurface 

exploration, we drilled 24 inches through a log at Work Area 2.  When encountered within a few feet of 

the ground surface, logs can often be removed with an excavator or backhoe.  Where encountered at 

depth, logs could obstruct driven piles and possibly result in damage to the piles.  Micropiles can often be 

drilled through wood, although this may require an adjustment in drilling technique.  If an obstruction is 

encountered and a pile cannot be advanced, or if the pile becomes damaged it may be necessary to 

abandon and relocate the pile.  If the pile is obstructed but undamaged, it could possibly be incorporated 

into the structure at a reduced capacity.  Landau Associates should be consulted to determine the 

allowable reduced capacity.  Abandoned piles should either be extracted or cut off at least 3 ft below the 

bottom of the pile cap. 

If driven piles are selected for foundations on this project, pile driving should be accomplished in 

accordance with Section 6-05 of the 2012 WSDOT Standard Specifications for Roadway, Bridge, and 

Municipal Construction (WSDOT Standard Specifications) by the Washington State Department of 

Transportation (WSDOT 2012).  These specifications are typically applied for piles using impact 

hammers.  If foundation piles are installed using a vibratory hammer, axial capacity of the pile should be 

demonstrated after installation, using either an impact hammer and “re-strike” measurements or static 

load testing.  If load testing is performed, at least one test should be performed at each work area.  Test 

piles should be loaded as described in Section 3.4. 

If drilled micropiles are selected for foundations, their final design should be performed by the 

foundation contractor, whom is in the best position to determine equipment and procedures needed to 

achieve the required foundation resistance.  Final design should be completed under the review of the 

contractor’s engineer and should be included with a submittal describing installation procedures, 

materials, and equipment.  As described in Section 4.0, we should review these submittals. Test 
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micropiles installed using the selected installation method must be load tested in order to confirm that the 

required resistance has been achieved.  At least one micropile at each work area should be load tested as 

described in Section 3.4.  If a modification to drilling method occurs during construction, additional load 

tests should be performed to demonstrate the adequacy of the modified installation procedure.  We 

recommend that we review load test results, proposed modifications to installation following testing, and 

test results following those modifications. 

We recommend that the construction and testing of all deep foundations be observed by a 

qualified geotechnical or civil engineer with experience in these foundation types.  The purpose of this 

observation would be to evaluate the contractor's procedure, to collect and interpret installation data and 

monitor variations in subsurface conditions, confirm the required penetration depths, and observe “re-

strike” or static load tests. 

 

3.3.2 HELICAL PILES 

Helical piles (e.g., HEATanchors) or helical piers (e.g., Chance Anchors) could be used to 

support the proposed bridges.  For this project, the cost to install these two types of deep foundation 

systems will likely be competitive with driven steel pipe piles or drilled micropiles.  Helical piles have 

some advantages over other deep foundation types, including installation using relatively small 

equipment, no spoils production, and no need for grout mixing.  However, they are not typically designed 

primarily as skin-friction piles in compression, and their small diameter may require many more elements 

to achieve the required axial and lateral resistances.  Because of the installation method and their slender 

geometry, helical pile/piers are more easily obstructed or deflected by buried objects such as logs or 

boulders.  Also, once installed, the capacity of an individual element cannot normally be increased 

through grouting, so additional elements, if needed (and as demonstrated by load testing), would require 

supplemental helical piles.  Due to the desire to precast many of the bridge components, including 

portions of the pile caps, incorporating supplemental foundation elements would result in additional cost 

and delay. 

Helical piles are typically contractor-designed utilizing allowable stress design (ASD) 

methodologies.  The contractor is typically provided the design loads (axial, uplift, and lateral) and the 

design soil profile.  The contractor should be provided with this report, including the borings and 

laboratory results in Appendices A and B, to complete his design.  For lateral resistance, the p-y 

parameters provided for piles and micropiles may be used for helical piles/piers.  As with micropiles, the 

nominal resistance (including any group reduction) of helical piles/piers must be demonstrated with load 

testing. 
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3.4 STATIC LOAD TESTING 

The capacity of drilled micropiles and helical piles/piers must be demonstrated by static load 

testing in compression to at least the nominal (unfactored) required resistance for an individual deep 

foundation element.  Static load testing can also be used in lieu of “re-strike” testing of driven piles.  The 

results of load testing may also be used to estimate the capacity of helical piles/piers during production 

installation when a torque- to-axial-capacity relationship is established. 

Load tests should be completed using the “Quick Load Test Method” described in ASTM D1143.  

The maximum load in the load test should be the nominal (i.e., “unfactored”) load for LRFD design, or 

150 percent of the design load for ASD.  The pile should sustain the axial design load with no more than 

1 inch total vertical movement of the pile head.  If more than 1 inch of settlement is measured at the axial 

design load, construction procedures should be modified and the pile capacity re-tested.  Pile load tests 

should be completed in the presence of an experienced civil or geotechnical engineer who is familiar with 

the soil conditions at the site and interpreting the results of a pile load test.  We would be pleased to offer 

this service during construction. 

 

3.5 LATERAL LOADS 

Below-grade portions of the bridge structure at Work Area 1 will experience lateral loading 

where soils are retained.  Small retained heights may also be necessary at the other work areas.  We 

anticipate that soil to be retained will consist of compacted gravel placed behind the retaining structure 

following pile cap and wall construction; top-down construction (such as for a soldier pile wall) will not 

be employed.  Due to anticipated strut action of the bridge, restrained rotation of the pile caps, and limited 

excavation height, we expect that an at-rest lateral condition will exist behind these structures.  Lateral 

earth pressures only need be considered for portions of the foundation located above the ditch invert 

elevation.  We have prepared recommended lateral soil pressures for static and seismic loading against 

these structures on Figure 8.  We understand that final design may eliminate retained soil by adjusting 

bridge spans. 

 

3.6 CHANNEL SCOUR 

The drainage ditches at the project site are subject to minimum flow rates to maintain fish 

passage, and much higher flow rates during and following a 100-year storm event.  Flow rates and cross 

sectional areas for the drainage ditch were not available at the bridge locations during our review of 

project documents (WDFW 2011).  However, flow velocities may be determined from these data and 

compared with the permissible flow velocity appropriate for soils at the work areas.  Permissible flow 
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velocities for a variety of streambed substrates are tabulated by Fischenich 2001, which is included in 

Appendix B.  At Work Areas 1, 2, and 4, a permissible flow velocity of no more than 2 ft/sec is 

appropriate (noncolloidal alluvial silt).  At Work Area 3, a permissible flow velocity of no more than 1.5 

ft/sec is appropriate for the fine sand present in the ditch invert at that location.  If higher flow velocities 

are anticipated, this could be accommodated by either placing an erosion armoring layer of coarser 

material, such as a gravel/cobble mix, or incorporating bioengineered methods.  However, bioengineered 

methods may not be suitable for permanent or long-term submergence, which occurs at least below the 

fish passage flow elevation. 

 

3.7 CORROSION POTENTIAL OF SOILS 

Two samples were submitted to a local analytical laboratory for chemical testing to assess the 

overall corrosive potential for soils in the shallow subsurface of the project site.  Testing was performed 

in accordance with the American Water Works Association (AWWA) recommendations for assessing the 

corrosion potential of soils, including a determination of minimum resistivity, moisture content, pH, 

redox potential, and sulfide content of both samples.  The results of analytical testing are presented in 

Appendix A. 

Using the AWWA, Procedure C105 points ranking system for the above parameters, the soils in 

the shallow subsurface at the project site have a mildly aggressive to aggressive potential for corrosion of 

buried elements of the bridge structures.  However, additional parameters (sulfate and chloride content) 

were not determined, the results of which could indicate a greater corrosion potential.  The design of steel 

pipe piles and micropiles is often controlled by installation stresses experienced during driving or drilling, 

and a greater amount of steel is included for constructability reasons than is necessary to resist post-

construction loads.  However, if long-term foundation capacity requires it, either additional steel should 

be provided to counter the loss of steel section due to corrosion, or else epoxy paint, galvanization, or 

other anti-corrosion measures should be included in design.
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4.0 DOCUMENT REVIEW AND CONSTRUCTION OBSERVATIONS 

Landau Associates recommends that we review the geotechnical-related portions of the plans and 

specifications for the proposed project in advance of project bidding.  The purpose of the review is to 

verify that the recommendations presented in this geotechnical report have been properly interpreted and 

implemented in the design and specifications. 

We recommend that monitoring, testing, and consultation be provided during construction to 

confirm that the conditions encountered are consistent with those indicated by our exploration, to provide 

expedient recommendations should conditions be revealed during construction that differ from those 

anticipated, and to evaluate whether geotechnical-related activities comply with project plans and 

specifications and the recommendations contained in this report.  Such activities include pile installation, 

pile load testing, and other geotechnical-related activities.  Landau Associates would be pleased to 

provide these construction related services. 
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Notes

1. The below grade wall for Work Area 1 should be designed in accordance with the 2010
AASHTO LRDGE Bridge Design Specifications (AASTH 2010).

2. All earth pressures are presented in terms of pounds per square foot (psf), with all dimensions in
feet.

3. Lateral earth pressure, surcharge pressure, and seismic earth pressure are dependent on the
ability of the wall to rotate or translate.  If the wall is able to rotate or translate at least 0.001H,
where H is the height of the wall, active conditions are assumed to develop.  If the wall is unable
to rotate or translate, at-rest conditions should be assumed in the design.  The coefficients A, B,
C, and D provided on the figure are dependent on whether active or at-rest conditions develop.
See table for value of coefficients.

4. The design water level should be set at the 100-year flood water level.  It is assumed that free
draining material will be provided behind the wall such that uneven hydrostatic earth pressures
do not develop.

5. It is typical practice to accommodate traffic and construction equipment with a uniform surcharge
pressure, qs (psf), of 250 psf over the distance, Ls (ft).  Large construction equipment or large
surcharge loads should be addressed by use of a higher surcharge pressure.

6. The earth pressure, surcharge pressure, and seismic earth pressure can be assumed to act
over the width of the below-grade wall.

7. Resistance to lateral loads will be provided by the pile foundations.  Passive pressure should be
neglected in the design of the below-grade wall.

8. A load factor of 1.0 is included in the earth pressure, surcharge pressure, and seismic earth
pressure.
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APPENDIX A 
FIELD EXPLORATIONS AND LABORATORY TESTING 

FIELD EXPLORATIONS 

Subsurface conditions within the limits of the project area were explored on December 12 and 13, 

2011.  The exploration program consisted of advancing and sampling one exploratory boring at each of 

the four bridge locations (borings B-1 through B-4) at the approximate locations shown on the Work Area 

Plans (Figures 3 through 6).  The exploratory borings were advanced to depths ranging from about 29  to 

49 ft below existing ground surface (BGS) using a track-mounted drill rig and the open-hole, mud-rotary 

drilling method.  Holocene Drilling, Inc. of Puyallup, Washington advanced the borings under 

subcontract to Landau Associates.  The explorations were located in the field by pacing distances from 

existing features referenced on a site plan provided by the Washington State Department of Fish and 

Wildlife.  The approximate ground surface elevations at the exploratory boring locations were not 

determined. 

The field exploration program was coordinated and monitored by a geotechnical engineer from 

our staff, who also obtained representative soil samples, maintained a detailed record of the observed 

subsurface soil and groundwater conditions, and described the soil encountered by visual and textural 

examination.  Each representative soil type observed in our exploratory borings was described using the 

soil classification system shown on Figure A-1, in general accordance with ASTM D2488, Standard 

Recommended Practice for Description of Soils (Visual-Manual Procedure).  Logs of the exploratory 

borings are presented on Figures A-2 through A-5.  These logs represent our interpretation of subsurface 

conditions identified during the field exploration program.  The stratigraphic contacts shown on the logs 

represent the approximate boundaries between soil types; actual transitions may be more gradual.  The 

soil and groundwater conditions depicted are only for the specific dates and locations reported and, 

therefore, are not necessarily representative of other locations and times.  A further discussion of the soil 

and groundwater conditions observed is contained in the text portion of this report. 

Most soil samples were obtained using a 2-inch outside-diameter (O.D.) split-spoon sampler and 

the Standard Penetration Test (SPT) procedure (ASTM D1586).  Selected samples were collected using 

either a larger, 3.0-inch OD split-spoon sampler (for additional collected sample volume) or a 3.0-inch 

O.D. thin-wall sampler.  Split-spoon samplers were driven 18 inches using a 140-pound automatic trip 

hammer falling from a height of 30 inches.  The number of blows required to drive the sampler for each 

6-inch interval of the 18-inch drive was recorded on the field log.  The number of blows required to drive 

the sampler the last 12 inches of the 18-inch drive is termed the Standard Penetration Resistance and is 

shown on the summary log.  Thin-wall samples were obtained using a piston sampler.  Upon completion 
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of drilling and sampling, the boreholes were abandoned in accordance with the requirements of WAC 

173-160. 

 

GEOTECHNICAL LABORATORY TESTING 

The samples were checked against the field log descriptions, which were updated where 

appropriate in general accordance with ASTM D2487, Standard Test Method for Classification of Soils 

for Engineering Purposes.  Natural moisture content determinations were performed in general 

accordance with ASTM D2216 on soil samples obtained from the borings.  The natural moisture content 

is shown as “W=xx” (percent of dry weight) at the respective sample depth in the column labeled “Test 

Data” on the boring logs.  Atterberg Limit determinations were performed on representative soil samples 

obtained from the borings in accordance with ASTM D4318.  Samples selected for Atterberg Limits are 

designated with an “AL” in the column labeled “Test Data” on the boring logs.  The results of the 

Atterberg Limits are shown on Figure A-6 in this appendix.  1-dimensional consolidation testing was 

performed on one thin-wall sample obtained from boring B-2 at a depth of about 23 ft, in accordance with 

the incremental loading procedure in ASTM D 2435.  The purpose of consolidation testing was to 

determine the compressibility of soils within the foundation bearing layer, in order to complete settlement 

calculations.  The sample selected for consolidation testing is denoted by “Consol” in the column labeled 

“Test Data” on Figure A-3.  Results of consolidation testing are presented on Figure A-7. 

 

ANALYTICAL LABORATORY TESTING 

Two samples were submitted to Analytical Resources Incorporated (ARI) of Tukwila, 

Washington for corrosion and sulfide testing.  Samples submitted were obtained from the shallow 

subsurface at Work Areas 1 and 4.  A suite of corrosion tests in accordance with American Water Works 

Association (AWWA) procedure C105 was performed, which includes a determination of the minimum 

resistivity, moisture content, pH, and redox potential of the soil samples.  Sulfide content determinations 

were made on both specimens.  Corrosion suite and sulfide content test results are presented in a packet 

from ARI following Figure A-7. 
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Field and Lab Test Data

Soil Classification System
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SP
(Little or no fines)
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Silty gravel; gravel/sand/silt mixture(s)

Silty sand; sand/silt mixture(s)

Clayey sand; sand/clay mixture(s)

Inorganic silt and very fine sand; rock flour; silty or clayey fine
sand or clayey silt with slight plasticity
Inorganic clay of low to medium plasticity; gravelly clay; sandy
clay; silty clay; lean clay

Organic silt; organic, silty clay of low plasticity

Inorganic silt; micaceous or diatomaceous fine sand

Inorganic clay of high plasticity; fat clay

Organic clay of medium to high plasticity; organic silt

MAJOR
DIVISIONS

Pocket Penetrometer, tsf
Torvane, tsf
Photoionization Detector VOC screening, ppm
Moisture Content, %
Dry Density, pcf
Material smaller than No. 200 sieve, %
Grain Size - See separate figure for data
Atterberg Limits - See separate figure for data
Other Geotechnical Testing
Chemical Analysis

PP = 1.0
TV = 0.5

PID = 100
W = 10
D = 120

-200 = 60
GS
AL
GT
CA

Groundwater

Code

SAMPLER TYPE

Code Description

SW

GC

Sample Depth Interval

Recovery Depth Interval

Sample Identification Number

SAMPLE NUMBER & INTERVAL

TYPICAL
DESCRIPTIONS (2)(3)

Asphalt concrete pavement or Portland cement pavement

USCS
LETTER

SYMBOL(1)

Approximate water level at time of drilling (ATD)
Approximate water level at time other than ATD

a
b
c
d
e
f
g
h
i
1
2
3
4
5

Clayey gravel; gravel/sand/clay mixture(s)

GRAPHIC
SYMBOL

Drilling and Sampling Key

Description

Portion of Sample Retained
for Archive or Analysis

GM

GP

GW
Poorly graded gravel; gravel/sand mixture(s); little or no fines

Well-graded sand; gravelly sand; little or no fines

Poorly graded sand; gravelly sand; little or no fines

Peat; humus; swamp soil with high organic content

CLEAN GRAVELGRAVEL AND
GRAVELLY SOIL

(Appreciable amount of
fines)

GRAVEL WITH FINES

(Little or no fines)

(More than 50% of
coarse fraction passed

through No. 4 sieve)

SAND AND
SANDY SOIL
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(More than 50% of
coarse fraction retained

on No. 4 sieve)

3.25-inch O.D., 2.42-inch I.D. Split Spoon
2.00-inch O.D., 1.50-inch I.D. Split Spoon
Shelby Tube
Grab Sample
Single-Tube Core Barrel
Double-Tube Core Barrel
2.50-inch O.D., 2.00-inch I.D. WSDOT
3.00-inch O.D., 2.375-inch I.D. Mod. California
Other - See text if applicable
300-lb Hammer, 30-inch Drop
140-lb Hammer, 30-inch Drop
Pushed
Vibrocore (Rotosonic/Geoprobe)
Other - See text if applicable
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SAND WITH FINES
(Appreciable amount of

fines)

HIGHLY ORGANIC SOIL

(Liquid limit greater than 50)

SILT AND CLAY

RK

DB

Rock (See Rock Classification)

(Liquid limit less than 50)

SILT AND CLAY

Wood, lumber, wood chips

GRAPHIC
SYMBOL

Construction debris, garbage

PAVEMENT

ROCK

WOOD

DEBRIS

OTHER MATERIALS TYPICAL DESCRIPTIONS
LETTER
SYMBOL

WD

> 30% and <
> 15% and <
>   5% and <

<

> 
_ 
_ 
_ 
_ 

Primary Constituent:
Secondary Constituents:

Additional Constituents:

Notes: 1.  USCS letter symbols correspond to symbols used by the Unified Soil Classification System and ASTM classification methods. Dual letter
symbols (e.g., SP-SM for sand or gravel) indicate soil with an estimated 5-15% fines. Multiple letter symbols (e.g., ML/CL) indicate borderline
or multiple soil classifications.

2.  Soil descriptions are based on the general approach presented in the Standard Practice for Description and Identification of Soils
(Visual-Manual Procedure), outlined in ASTM D 2488. Where laboratory index testing has been conducted, soil classifications are based on
the Standard Test Method for Classification of Soils for Engineering Purposes, as outlined in ASTM D 2487.

3.  Soil description terminology is based on visual estimates (in the absence of laboratory test data) of the percentages of each soil type and is
defined as follows:

4.  Soil density or consistency descriptions are based on judgement using a combination of sampler penetration blow counts, drilling or
excavating conditions, field tests, and laboratory tests, as appropriate.

 50% - "GRAVEL," "SAND," "SILT," "CLAY," etc.
 50% - "very gravelly," "very sandy," "very silty," etc.
 30% - "gravelly," "sandy," "silty," etc.
 15% - "with gravel," "with sand," "with silt," etc.
   5% - "with trace gravel," "with trace sand," "with trace silt," etc., or not noted.

Soil Classification System and Key
Figure
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Brown, gravelly, silty SAND (loose, moist)
 (FILL)

Brown, organic-rich, clayey SILT
(ALLUVIUM)

Gray-brown, silty, organic-rich CLAY,
numerous fine to coarse plant fibers (very
soft, wet)

Brown, silty organic CLAY, numerous fine
to coarse fibers (very soft, wet)

-- gray silty fine sand in sampler tip
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organics throughout (soft, wet)
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1.  Stratigraphic contacts are based on field interpretations and are approximate.
2.  Reference to the text of this report is necessary for a proper understanding of subsurface conditions.
3.  Refer to "Soil Classification System and Key" figure for explanation of graphics and symbols.
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Gray, clayey SILT with trace fine mica
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1.  Stratigraphic contacts are based on field interpretations and are approximate.
2.  Reference to the text of this report is necessary for a proper understanding of subsurface conditions.
3.  Refer to "Soil Classification System and Key" figure for explanation of graphics and symbols.
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W = 43
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Brown, gravelly, silty SAND (loose, moist)
 (FILL)

Fresh wood, cedar odor, suspect log
covered by fill

-- skip sampling at 2.5 ft

Brown, organic-rich clayey SILT, fibrous,
with scattered wood fragments (very soft,
wet)

(ALLUVIUM)

-- no recovery, cuttings are similar to
above

Brown, silty PEAT, fibrous (very soft, wet)

Gray-brown, organic clayey SILT, fibrous
(very soft, wet)

-- per driller, gray at 15.5ft

-- no recovery

 -- alternating bands of brown, clayey
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Gray, clayey SILT with occasional organic
fibers, trace of fine sand
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1.  Stratigraphic contacts are based on field interpretations and are approximate.
2.  Reference to the text of this report is necessary for a proper understanding of subsurface conditions.
3.  Refer to "Soil Classification System and Key" figure for explanation of graphics and symbols.
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Gray, fine SAND, trace of silt, occasional
wood debris (medium dense, wet)

-- slight gravelly drill action at 10 - 11 ft
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Gray, clayey SILT with fine organic fibers
throughout (very soft, wet)

Dark brown to brown, very organic-rich
SILT, numerous fibers (very soft, wet)

-- 1/2-inch band of gray silt at sample top

Gray, clayey SILT, scattered to occasional
organic fibers and wood debris (very soft,
wet)
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1.  Stratigraphic contacts are based on field interpretations and are approximate.
2.  Reference to the text of this report is necessary for a proper understanding of subsurface conditions.
3.  Refer to "Soil Classification System and Key" figure for explanation of graphics and symbols.
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Gray, clayey SILT with occasional fine
organics (very soft, wet)
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Boring Completed 12/12/11
Total Depth of Boring = 49.0 ft.
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1.  Stratigraphic contacts are based on field interpretations and are approximate.
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OVERVIEW 
Stream restoration projects usually involve 
some modification to the channel or the banks. 
Designers of stabilization or restoration projects 
must ensure that the materials placed within 
the channel or on the banks will be stable for 
the full range of conditions expected during the 
design life of the project.   Unfortunately, 
techniques to characterize stability thresholds 
are limited.  Theoretical approaches do not 
exist and empirical data mainly consist of 
velocity limits, which are of limited value.   
 
Empirical data for shear stress or stream power 
are generally lacking, but the existing body of 
information is summarized in this technical 
note.  Whereas shear thresholds for soils found 
in channel beds and banks are quite low 
(generally < 0.25 lb/sf), those for vegetated 
soils (0.5 – 4 lb/sf), erosion control materials 
and bioengineering techniques (0.5 – 8 lb/sf), 
and hard armoring (< 13 lb/sf) offer options to 
provide stability. 
 
STABILITY CRITERIA 
The stability of a stream refers to how it 
accommodates itself to the inflowing water and 
sediment load.  In general, stable streams may 
adjust their boundaries but do not exhibit trends 
in changes to their geometric character.  One 
form of instability occurs when a stream is 
unable to transport its sediment load (i.e., 
sediments deposited within the channel), 
leading to the condition referred to as 
aggradation.   

When the ability of the stream to transport 
sediment exceeds the availability of sediments 
within the incoming flow, and stability 
thresholds for the material forming the 
boundary of the channel are exceeded, erosion 
occurs.  This technical note deals with the latter 
case of instability and distinguishes the 
presence or absence of erosion (threshold 
condition) from the magnitude of erosion 
(volume). 
 
Erosion occurs when the hydraulic forces in the 
flow exceed the resisting forces of the channel 
boundary.  The amount of erosion is a function 
of the relative magnitude of these forces and 
the time over which they are applied.  The 
interaction of flow with the boundary of open 
channels is only imperfectly understood.  
Adequate analytical expressions describing this 
interaction have not yet been developed for 
conditions associated with natural channels.  
Thus, means of characterizing erosion potential 
must rely heavily upon empiricism.  
 
 Traditional approaches for characterizing 
erosion potential can be placed in one of two 
categories: maximum permissible velocity, and 
tractive force (or critical shear stress).  The 
former approach is advantageous in that 
velocity is a parameter that can be measured 
within the flow.  Shear stress cannot be directly 
measured – it must be computed from other 
flow parameters.  Shear stress is a better 
measure of the fluid force on the channel 
boundary than is velocity.  Moreover, 
conventional guidelines, including ASTM 
standards, rely upon the shear stress as a 
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means of assessing the stability of erosion 
control materials.  Both approaches are 
presented in this paper.   
 
Incipient Motion (Threshold Condition) 
As flow over the bed and banks of a stream 
increases, a condition referred to as the 
threshold state is reached when the forces 
tending to move materials on the channel 
boundary are in balance with those resisting 
motion. The forces acting on a noncohesive 
soil particle lying on the bed of a flowing stream 
include hydrodynamic lift, hydrodynamic drag, 
submerged weight (Fw – Fb), and a resisting 
force Fr. as seen in Figure 1.  The drag is in the 
direction of the flow and the lift and weight are 
normal to the flow.  The resisting force depends 
on the geometry of the particles.  At the 
threshold of movement, the resultant of the 
forces in each direction is zero.  Two 
approaches for defining the threshold state are 
discussed herein, initial movement being 
specified in terms of either a critical velocity 
(vcr) or a critical shear stress (τcr).   

 
Figure 1.  Forces acting on the boundary of 
a channel (adapted from Julien (1995)). 
 
Critical Velocity  
Figure 1 shows that both the lift and the drag 
force are directly related to the velocity 
squared.  Thus, small changes in the velocity 
could result in large changes in these forces.  
The permissible velocity is defined as the 
maximum velocity of the channel that will not 
cause erosion of the channel boundary.  It is 
often called the critical velocity because it 
refers to the condition for the initiation of 
motion.  Early works in canal design and in 
evaluating the stability of waterways relied 

upon this method.  Considerable empirical data 
exist relating maximum velocities to various soil 
and vegetation conditions. 
 
However, this simple method for design does 
not consider the channel shape or flow depth.  
At the same mean velocity, channels of 
different shapes or depths may have quite 
different forces acting on the boundaries.  
Critical velocity is depth-dependent, and a 
correction factor for depth must be applied in 
this application.  Despite these limitations, 
maximum permissible velocity can be a useful 
tool in evaluating the stability of various 
waterways.  It is most frequently applied as a 
cursory analysis when screening alternatives. 
 
Critical Shear Stress 
The forces shown in Figure 1 can also be 
expressed in terms of the shear stress.  Shear 
stress is the force per unit area in the flow 
direction.  Its distribution in steady, uniform, 
two-dimensional flow in the channel can be 
reasonably described.  An estimate of the 
average boundary shear stress (τo) exerted by 
the fluid on the bed is: 
 
τo = γDSf          (1) 
 
where γ is the specific weight of water, D is the 
flow depth (~ hydraulic radius), and Sf  is the 
friction slope. Derived from consideration of the 
conservation of linear momentum, this quantity 
is a spatial average and may not provide a 
good estimate of bed shear at a point. 
 
Critical shear stress (τcr) can be defined by 
equating the applied forces to the resisting 
forces.  Shields (1936) determined the 
threshold condition by measuring sediment 
transport for values of shear at least twice the 
critical value and then extrapolating to the point 
vanishing sediment transport.  His laboratory 
experiments have since served as a basis for 
defining critical shear stress. For soil grains of 
diameter d and angle of repose φ on a flat bed, 
the following relations can approximate the 
critical shear for various sizes of sediment: 
 

φλλτ Tandwscr )(5.0 −= For clays  (2) 

φλλτ Tandd wscr )(25.0 6.0
* −= − For silts and 

sands           (3) 



 

ERDC TN-EMRRP SR-29  3 

φλλτ Tandwscr )(06.0 −= For gravels and 
cobbles          (4) 
  
Where 

3/1

2*

)1(











 −=
ν

gG
dd        (5) 

γs = the unit weight of the sediment 
γw = the unit weight of the water/sediment 
mixture 
G = the specific gravity of the sediment 
G = gravitational acceleration 
ν = the kinematic viscosity of the 
water/sediment mixture 

The angle of repose φ for noncohesive 
sediments is presented in Table 1 (Julien 
1995), as are values for critical shear stress.  
The critical condition can be defined in terms of 
shear velocity rather than shear stress (note 
that shear velocity and channel velocity are 
different).  Table 1 also provides limiting shear 
velocity as a function of sediment size.   The 
V*c  term is the critical shear velocity and is 
equal to 
 

fhc* SgRV =         (6)

 
Table 1.  Limiting Shear Stress and Ve locity for Uniform Noncohesive Sediments 
Class name ds (in) φφ (deg) ττ*c ττcr (lb/sf) V*c (ft/s) 
Boulder      
  Very large >80 42 0.054 37.4 4.36 
  Large >40 42 0.054 18.7 3.08 
  Medium >20 42 0.054 9.3 2.20 
  Small >10 42 0.054 4.7 1.54 
Cobble      
  Large >5 42 0.054 2.3 1.08 
  Small >2.5 41 0.052 1.1 0.75 
Gravel      
  Very coarse >1.3 40 0.050 0.54 0.52 
  Coarse >0.6 38 0.047 0.25 0.36 
  Medium >0.3 36 0.044 0.12 0.24 
  Fine >0.16 35 0.042 0.06 0.17 
  Very fine >0.08 33 0.039 0.03 0.12 
Sands      
  Very coarse >0.04 32 0.029 0.01 0.070 
  Coarse >0.02 31 0.033 0.006 0.055 
  Medium >0.01 30 0.048 0.004 0.045 
  Fine >0.005 30 0.072 0.003 0.040 
  Very fine >0.003 30 0.109 0.002 0.035 
Silts      
  Coarse >0.002 30 0.165 0.001 0.030 
  Medium >0.001 30 0.25 0.001 0.025 

Table 1 provides limits best applied when 
evaluating idealized conditions, or the stability 
of sediments in the bed. Mixtures of sediments 
tend to behave differently from uniform 
sediments. Within a mixture, coarse sediments 
are generally entrained at lower shear stress 
values than presented in Table 1.  Conversely, 
larger shear stresses than those presented in 
the table are required to entrain finer sediments 
within a mixture.  
 

Cohesive soils, vegetation, and other armor 
materials can be similarly evaluated to 
determine empirical shear stress thresholds.  
Cohesive soils are usually eroded by the 
detachment and entrainment of soil 
aggregates.  Motivating forces are the same as 
those for noncohesive banks; however, the 
resisting forces are primarily the result of 
cohesive bonds between particles.  The 
bonding strength, and hence the soil erosion 
resistance, depends on the physio-chemical 
properties of the soil and the chemistry of the 



 

4  ERDC TN-EMRRP-SR-29 

fluids.  Field and laboratory experiments show 
that intact, undisturbed cohesive soils are much 
less susceptible to flow erosion than are non-
cohesive soils. 
 
Vegetation, which has a profound effect on the 
stability of both cohesive and noncohesive 
soils, serves as an effective buffer between the 
water and the underlying soil.  It increases the 
effective roughness height of the boundary, 
increasing flow resistance and displacing the 
velocity upwards away from the soil, which has 
the effect of reducing the forces of drag and lift 
acting on the soil surface.  As the boundary 
shear stress is proportional to the square of the 
near-bank velocity, a reduction in this velocity 
produces a much greater reduction in the 
forces responsible for erosion.   
 
Vegetation armors the soil surface, but the 
roots and rhizomes of plants also bind the soil 
and introduce extra cohesion over and above 
any intrinsic cohesion that the bank material 
may have.  The presence of vegetation does 
not render underlying soils immune from 
erosion, but the critical condition for erosion of 
a vegetated bank is usually the threshold of 
failure of the plant stands by snapping, stem 
scour, or uprooting, rather than for detachment 
and entrainment of the soils themselves.  
Vegetation failure usually occurs at much 
higher levels of flow intensity than for soil 
erosion. 
 
Both rigid and flexible armor systems can be 
used in waterways to protect the channel bed 
from erosion and to stabilize side slopes.  A 
wide array of differing armor materials are 
available to accomplish this.  Many 
manufactured products have been evaluated to 
determine their failure threshold.  Products are 
frequently selected using design graphs that 
present the flow depth on one axis and the 
slope of the channel on the other axis.  Thus, 
the design is based on the depth/slope product  
(i.e., the shear stress).   In other cases, the 
thresholds are expressed explicitly in terms of 
shear stress.  Notable among the latter group 
are the field performance testing results of 
erosion control products conducted by the 
TXDOT/TTI Hydraulics and Erosion Control 
Laboratory (TXDOT 1999). 
 

Table 2 presents limiting values for shear 
stress and velocity for a number of different 
channel lining materials.  Included are soils, 
various types of vegetation, and number of 
different commonly applied stabilization 
techniques.  Information presented in the table 
was derived from a number of different 
sources. Ranges of values presented in the 
table reflect various measures presented within 
the literature.  In the case of manufactured 
products, the designer should consult the 
manufacturer’s guidelines to determine 
thresholds for a specific product.     
 
Uncertainty and Variability 
The values presented in Table 2 generally 
relate to average values of shear stress or 
velocity.  Velocity and shear stress are neither 
uniform nor steady in natural channels.   Short-
term pulses in the flow can give rise to 
instantaneous velocities or stresses of two to 
three times the average; thus, erosion may 
occur at stresses much lower than predicted.   
Because limits presented in Table 2 were 
developed empirically, they implicitly include 
some off this variability.   However, natural 
channels typically exhibit much more variability 
than the flumes from which these data were 
developed.   
 
Sediment load can also profoundly influence 
the ability of flow to erode underlying soils.  
Sediments in suspension have the effect of 
damping turbulence within the flow.   
Turbulence is an important factor in entraining 
materials from the channel boundaries.  Thus, 
velocity and shear stress thresholds are 1.5 to 
3 times that presented in the table for flows 
carrying high sediment loads. 
 
In addition to variability of flow conditions, 
variation in the channel lining characteristics 
can influence erosion predictions. Natural bed 
material is neither spherical nor of uniform size. 
Larger particles may shield smaller ones from 
direct impact so that the latter fail to move until 
higher stresses are attained. For a given grain 
size, the true threshold criterion may vary by 
nearly an order of magnitude depending on the 
bed gradation.  Variation in the installation of 
erosion control measures can reduce the 
threshold necessary to cause erosion.   
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Table 2. Permissible Shear and Velocity for Selected Lining Materials1   

Boundary Category  Boundary Type   
Permissible 
Shear Stress  

(lb/sq ft) 

Permissible 
Velocity 
(ft/sec) 

Citation(s) 

Soils Fine colloidal sand 0.02 - 0.03 1.5 A 
 Sandy loam (noncolloidal) 0.03 - 0.04 1.75 A 
 Alluvial silt (noncolloidal) 0.045 - 0.05 2 A 
 Silty loam (noncolloidal) 0.045 - 0.05 1.75 – 2.25 A 
 Firm loam 0.075 2.5 A 
 Fine gravels 0.075 2.5 A 
 Stiff clay  0.26 3 – 4.5 A, F 
 Alluvial silt (colloidal) 0.26 3.75 A 
 Graded loam to cobbles 0.38 3.75 A 
 Graded silts to cobbles 0.43 4 A 
 Shales and hardpan 0.67 6 A 
Gravel/Cobble 1-in. 0.33 2.5 – 5 A 
  2-in. 0.67 3 – 6 A 
 6-in. 2.0 4 – 7.5 A 
 12-in. 4.0 5.5 – 12 A 
 Vegetation Class A turf 3.7 6 – 8 E, N 
  Class B turf 2.1 4 - 7 E, N 
  Class C turf 1.0 3.5 E, N 
 Long native grasses 1.2 – 1.7 4 – 6 G, H, L, N 
 Short native and bunch grass 0.7 - 0.95 3 – 4 G, H, L, N 
 Reed plantings 0.1-0.6 N/A E, N 
 Hardwood tree plantings 0.41-2.5 N/A E, N 
Temporary Degradable RECPs Jute net 0.45 1 – 2.5 E, H, M 
 Straw with net 1.5 – 1.65 1 – 3 E, H, M 
 Coconut fiber with net 2.25 3 – 4 E, M 
 Fiberglass roving  2.00 2.5 – 7 E, H, M 
Non-Degradable  RECPs Unvegetated 3.00 5 – 7 E, G, M 
 Partially established 4.0-6.0 7.5 – 15 E, G, M 
 Fully vegetated 8.00 8 – 21 F, L, M 
Riprap 6 – in. d50 2.5 5 – 10 H 
 9 – in. d50 3.8 7 – 11 H 
 12 – in. d50 5.1 10 – 13 H 
 18 – in. d50 7.6 12 – 16 H 
 24 – in. d50 10.1 14 – 18 E 
Soil Bioengineering Wattles 0.2 – 1.0 3 C, I, J, N 
 Reed fascine 0.6-1.25 5 E 
 Coir roll 3 - 5 8 E, M, N 
 Vegetated coir mat  4 - 8 9.5 E, M, N 
 Live brush mattress (initial) 0.4 – 4.1 4 B, E, I 
 Live brush mattress (grown) 3.90-8.2 12 B, C, E, I, N 
 Brush layering (initial/grown) 0.4 – 6.25 12 E, I, N 
  Live fascine 1.25-3.10 6 – 8 C, E, I, J 
 Live willow stakes  2.10-3.10 3 – 10 E, N, O 
Hard Surfacing Gabions 10 14 – 19 D 
 Concrete 12.5 >18 H 
1 Ranges of values generally reflect multiple sources of data or different testing conditions. 
A. Chang, H.H. (1988).   F. Julien, P.Y. (1995).  K. Sprague, C.J. (1999). 
B. Florineth. (1982)   G. Kouwen, N.; Li, R. M.; and Simons, D.B., (1980).  L. Temple, D.M. (1980). 
C. Gerstgraser, C.  (1998). H. Norman, J. N. (1975).  M. TXDOT (1999) 
D. Goff, K. (1999).   I.  Schiechtl, H. M. and R. Stern. (1996).  N. Data from Author (2001) 
E. Gray, D.H., and Sotir, R.B. (1996).  J.  Schoklitsch, A.  (1937).  O.  USACE  (1997).
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Changes in the density or vigor of vegetation 
can either increase or decrease erosion 
threshold. Even differences between the 
growing and dormant seasons can lead to one- 
to twofold changes in erosion thresholds. 
 
To address uncertainty and variability, the 
designer should adjust the predicted velocity or 
shear stress by applying a factor of safety or by 
computing local and instantaneous values for 
these parameters.  Guidance for making these 
adjustments is presented in the section titled 
“Application” below. 
 
EROSION MAGNITUDE 
The preceding discussion dealt with the 
presence or absence of erosion, but did not 
address the extent to which erosion might 
occur for a given flow.  If the thresholds 
presented in Table 2 are exceeded, erosion 
should be expected to occur.  In reality, even 
when those thresholds are not exceeded, some 
erosion in a few select locations may occur.  
The extent to which this minor erosion could 
become a significant concern depends in large 
measure on the duration of the flow, and upon 
the ability of the stream to transport those 
eroded sediments.    
 
Flow Duration 
Although not stated, limits regarding erosion 
potential published by manufacturers for 
various products are typically developed from 
studies using short flow durations.  They do not 
reflect the potential for severe erosion damage 
that can result from moderate flow events over 
several hours. Studies have shown that 
duration of flow reduces erosion resistance of 
many types of erosion control products, as 
shown in Figures 2 - 4.  A factor of safety 
should be applied when flow duration exceeds 
a couple of hours.    
 

 
Figure 2.  Erosion limits as a function of 
flow duration (from Fischenich and Allen 
(2000)). 
 

 
Figure 3. Limiting values for bare and TRM 
protected soils (from Sprague (1999)) 
 

 
Figure 4. Limiting values for plain and TRM 
reinforced grass (from Sprague (1999)) 
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Correlations between flow volume and amount 
of erosion tend to be poor. Multi-peaked flows 
may be more effective than single flows of 
comparable or greater magnitude because of 
the increased incidence of wetting.  Flows with 
long durations often have a more significant 
effect on erosion than short-lived flows of 
higher magnitude.   Sediment transport 
analysis can be used to gauge the magnitude 
of erosion potential in the channel design, but 
predictive capability is limited. 
 
Sediment Transport 
A number of flow measures can be used to 
assess the ability of a stream to transport 
sediment.  The unit stream power (Pm) is one 
common approach, and is related to the earlier 
discussion in that stream power includes both 
velocity and shear stress as components.  
Sediment transport (Qs) increases when the 
unit stream power (Pm) increases.  Unit stream 
power in turn is controlled by both tractive 
stress and flow velocity: 
  

Pm  =  v ·  τ  = v ·  γw ·  D ·  Sf      (7) 
 
The total power (Pt) is the product of the unit 
power times the channel width (W):  
 
Pt  =  Pm·  W  =  v ·  W ·  D ·  γw·  Sf   =  v ·  A ·  γw·  Sf  
=  Qw ·  γw ·  Sf          (8) 
 
Stream power assessments can be useful in 
evaluating sediment discharge within a stream 
channel and the deposition or erosion of 
sediments from the streambed.  However, their 
utility for evaluating the stability of measures 
applied to prevent erosion is limited because of 
the lack of empirical data relating stream power 
to stability.  The analysis of general 
streambank erosion is not a simple extension 
of the noncohesive bed case with an added 
downslope gravity component.  Complication is 
added by other influencing variables, such as 
vegetation, whose root system can reinforce 
bank material and increase erosion resistance. 
Factors influencing bank erosion are 
summarized in Table 3.

 
Table 3.  Factors Influencing Erosion 
Factor Relevant characteristics 

Flow properties Magnitude, frequency and variability of stream discharge;  Magnitude and distribution of 
velocity and shear stress;  Degree of turbulence 
 

Sediment composition Sediment size, gradation, cohesion and stratification 
 

Climate Rainfall amount, intensity and duration; Frequency and duration of freezing 
 

Subsurface conditions Seepage forces; Piping; Soil moisture levels 
 

Channel geometry Width and depth of channel;  Height and angle of bank;  Bend curvature 
 

Biology Vegetation type, density and root character; Burrows 
 

Anthropogenic factors Urbanization, flood control, boating, irrigation  
 
APPLICATION 
The stability of a waterway or the suitability of 
various channel linings can be determined by 
first calculating both the mean velocity and 
tractive stress (by the previous equations). 
These values can then be compared with 
allowable velocity and tractive stress for a 
particular ground cover or lining system under 
consideration (e.g., existing vegetation cover, 
an erosion control blanket, or bioengineering 
treatment). Allowable tractive stresses for 

various types of soil, linings, ground covers, 
and stabilization measures including soil 
bioengineering treatments, are listed in Table 
2.  Additionally, manufacturers’ product 
literature can provide allowable tractive 
stresses or velocities for various types of 
erosion control products.  
 
An iterative procedure may be required when 
evaluating channel stability because various 
linings will affect the resistance coefficient, 
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which in turn may change the estimated flow 
conditions.  A general procedure for the 
application of information presented in this 
paper is outlined in the following paragraphs.    
 
Step 1-Estimate Mean Hydraulic Conditions.   
Flow of water in a channel is governed by the 
discharge, hydraulic gradient, channel 
geometry, and roughness coefficient.  This 
functional relationship is most frequently 
evaluated using normal depth or backwater 
computations that take into account principles 
of conservation of linear momentum. The latter 
is preferable because it accounts for variations 
in momentum slope, which is directly related to 
shear stress.  Several models are available to 
aid the hydraulic engineer in assessing 
hydraulic conditions.  Notable examples include 
HEC-2, HEC-RAS, and WSP2.  Channel cross 
sections, slopes, and Manning’s coefficients 
should be determined based upon surveyed 
data and observed or predicted channel 
boundary conditions.   Output from the model 
should be used to compute main channel 
velocity and shear stress at each cross section.  
 
Step 2- Estimate Local/Instantaneous Flow 
Conditions.    
The computed values for velocity and shear 
stress may be adjusted to account for local 
variability and instantaneous values higher than 
mean. A number of procedures exist for this 
purpose.  Most commonly applied are empirical 
methods based upon channel form and 
irregularity.    Several references at the end of 
this paper present procedures to make these 
adjustments.  Chang (1988) is a good example.  
For straight channels, the local maximum shear 
stress can be assumed from the following 
simple equation: 
 

ττ 5.1max =          (9) 
 
for sinuous channels, the maximum shear 
stress should be determined as a function of 
the planform characteristics using Equation 10: 
 

5.0

max 65.2
−







=

W
Rcττ                   (10) 

where Rc is the radius of curvature and W is 
the top width of the channel.  Equations 9 and 
10 adjust for the spatial distribution of shear 
stress; however, temporal maximums in 
turbulent flows can be 10 – 20 percent higher, 
so an adjustment to account for instantaneous 
maximums should be added as well.  A factor 
of 1.15 is usually applied. 
 
Step 3- Determine Existing Stability. 
Existing stability should be assessed by 
comparing estimates of local and 
instantaneous shear and velocity to values 
presented in Table 2. Both the underlying soil 
and the soil/vegetation condition should be 
assessed.  If the existing conditions are 
deemed stable and are in consonance with 
other project objectives, then no further action 
is required.  Otherwise, proceed to step 4. 
 
Step 4- Select Channel Lining Material.  
If existing conditions are unstable, or if a 
different material is needed along the channel 
perimeter to meet project objectives, a lining 
material or stabilization measure should be 
selected from Table 2, using the threshold 
values as a guideline in the selection.   Only 
material with a threshold exceeding the 
predicted value should be selected. The other 
project objectives can also be used at this point 
to help select from among the available 
alternatives.  Fischenich and Allen (2000) 
characterize attributes of various protection 
measures to help in the selection.   
 
Step 5- Recompute Flow Values.  
Resistance values in the hydraulic 
computations should be adjusted to reflect the 
selected channel lining, and hydraulic condition 
should be recalculated for the channel. At this 
point, reach- or section-averaged hydraulic 
conditions should be adjusted to account for 
local and instantaneous extremes.   
Table 4 presents velocity limits for various 
channel boundaries conditions.  This table is 
useful in screening alternatives, or as an 
alternative to the shear stress analysis 
presented in the preceding sections. 
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Table 4.  Stability of Channel Linings for Given Velocity Ranges 
Lining 0 – 2 fps 2 – 4 fps 4 – 6 fps 6 – 8 fps > 8 fps 
Sandy Soils      
Firm Loam      
Mixed Gravel and 
Cobbles 

     

Average Turf      
Degradable RECPs       
Stabilizing 
Bioengineering  

     

Good Turf      
Permanent RECPs      
Armoring 
Bioengineering 

     

CCMs & Gabions      
Riprap      
Concrete      

Key: 
 Appropriate 
 Use Caution 
 Not Appropriate 

 
 
Step 6– Confirm Lining Stability. 
The stability of the proposed lining should be 
assessed by comparing the threshold values in 
Table 2 to the newly computed hydraulic 
conditions.  These values can be adjusted to 
account for flow duration using Figures 2-4 as a 
guide.  If computed values exceed thresholds, 
step 4 should be repeated.  If the threshold is 
not exceeded, a factor of safety for the project 
should be determined from the following 
equations:   
 

estest V
V

FSorFS maxmax ==
τ
τ

       (11) 

 
In general, factors of safety in excess of 1.2 or 
1.3 should be acceptable.  The preceding five 
steps should be conducted for every cross 
section used in the analysis for the project. In 
the event that computed hydraulic values 
exceed thresholds for any desirable lining or 
stabilization technique, measures must be 
undertaken to reduce the energy within the 
flow. Such measures might include the 
installation of low-head drop structures or other 
energy-dissipating devices along the channel.    
Alternatively, measures implemented within the 
watershed to reduce total discharge could be 
employed. 
 

 
APPLICABILITY AND 
LIMITATIONS 
Techniques described in this technical note are 
generally applicable to stream restoration 
projects that include revegetation of the riparian 
zone or bioengineering treatments.   
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COST ESTIMATE FOR WATERWHEEL 
CREEK BRIDGE 

  
          

ITEMS COST UNIT QTY TOTAL 
14’ x 45’ bridge (including deck 
and rails) 

62,000 ea 1 62,000 

Piling (installed) 8,000 ea 6 48,000 

Concrete abutment 7,500 ea 2 15,000 

Gravel 15 ton 45 675 

Bridge Installation (crane or 2 
excavators) 

7,000 ls 1 7,000 

Mob/Demob 7,500 ls 1 7,500 

Subtotal for Construction 140,175 

Contingency 10% 14,017.5 

Tax 9% 12615.75 

TOTAL 166,808.25 
 






































