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Berm Failure Technical Analyses 
South Platte Gravel Pit Evaluation Criteria 

INTRODUCTION 

The 1987 Technical Review Guidelines for Gravel Mining Activities Within or Adjacent to 100-

Year Floodplains (Guidelines) is based upon the 1985 criteria developed for Adams County.  

The 1985 and 1987 parameters as published represent the combined knowledge and experience 

of the many dozens of individuals who conferred on original and early Wright Water Engineers, 

Inc. (WWE) draft documents and criteria. 

The criteria of the guidelines were based upon engineering principles and practical objectives 

related to rock product mining of the 1980s.  Original and initial guideline drafts in early 1985 

were modified via significant industry and regulatory agency input during the spring of 1985.  

The technical criteria given in the 1987 guidelines are based upon principles, policy and criteria 

from the 1969 Urban Drainage and Flood Control District (UDFCD) Urban Storm Drainage 

Criteria Manual (USDCM), the 1984-1985 Master Plan, industry practices and economics, 

regulatory agency needs and the civil and geotechnical engineering professions.  The parameters 

are supportable. 

In 2012, WWE prepared updates to the guidelines, including evaluation of the original setback 

requirements using research performed and calculation methods developed over the 25-years 

since the guidelines were first published.  The calculation methods are discussed in greater detail 

in the attachments to this memorandum.  The calculation attachments are as follows: 

Attachment A–Embankment Overtopping Analysis per Federal Highway Administration 

(FHWA) Method 

Attachment B–Dam Breach Analysis per Colorado State Engineer’s Office (SEO) Guidance 

Attachment C–Steep Slope Riprap Sizing per the Gravel Guidelines 

Attachment D–Steep Slope Riprap Sizing per Hydrologic Engineering Circular (HEC) 23 
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ASSUMPTIONS 

For Attachments A through D, the following assumptions were used for each set of stability test 

calculations: 

• The embankment overtopping depth varies between 2-feet and 6-feet. 

• Overtopping flows were bracketed between 1,000 cfs and 20,000 cfs. 

• For unprotected or natural vegetation berms, an assumed top width of 300-feet was 
analyzed. 

• The downstream gravel pit is essentially empty.  A similar hydraulic drop is assumed for 
overflow to the River. 

• The flooding event will last 24 to 48 hours. 

BERM FAILURE 

The Attachment A and B calculations were performed for comparison with each other.  The 

attachment A calculation method was developed through a series of large-scale hydraulic model 

experiments to simulate floods overtopping highway embankments.  The hydraulic model 

experiments varied several parameters, including crest cover with pavement, grass, or bare soil, 

and embankment slopes either covered with grass of bare soil.  These conditions are similar to 

the gravel pit berms in that the roadway embankment soil compaction and soil type may vary, as 

is the possible case with gravel pit berms which consist of natural undisturbed soil or overburden 

placed at along the edge of the pit excavation during reclamation efforts. The study referenced in 

attachment A was issued in March of 1987.  The Attachment B dam breach analysis was used for 

comparison with the attachment A results.  The dam breach guidelines were assembled by the 

Colorado SEO Dam Safety branch to provide guidance for dam failure inundation mapping and 

assigning dam hazard classifications.  This guidance documents was released in February of 

2010 and summarized numerous methods of dam breach modeling based on regression equations 

developed from data bases of actual dam failures.  The dam breach guidance is not a direct 

comparison because dams tend to be constructed with a greater amount of soil compaction and 

compaction testing than roadway embankments and the dam breach analysis focuses on peak 

flow rate and breach size once the dam failure begins, rather than a prolonged overtopping 

scenario.  The dam breach analysis does provide a reasonableness check for the roadway 
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embankment failure analysis as well as better representing the gravel berm heights of nearly 30-

feet when compared with the typical roadway embankment height of up to 15-feet.  Figure 1 

shows the dimensions and variables of the example berm analyzed. 

The results of the calculations presented in attachments A and B are summarized below for 

comparison purposes.   

Table 1 
Volume of Eroded Embankment  

Lateral Berms without Protection 

Condition 
Erosion Volume per Foot  
of Embankment Length 

Percent of 
Embankment 

Eroded CY/FT CF/FT 

30-Foot 
Tall Berm

 

Bare Soil, 6 Feet Overtopping for 24 Hours 323 8,709 78 % 
Bare Soil, 6 Feet Overtopping for 48 Hours 605 16,330 100% 
Paved Crest, 6 Feet Overtopping for 24 
Hours 

271 7,309 65% 

15-Foot 
Tall Berm

 

Bare Soil, 6 Feet Overtopping for 24 Hours 155 4,180 82% 
Bare Soil, 6 Feet Overtopping for 48 Hours 290 7,838 100% 
Paved Crest, 6 Feet Overtopping for 24 
Hours 

130 3,509 69% 

30-Foot 
Tall Berm

 

Bare Soil, 2 Feet Overtopping for 24 Hours 169 4,572 40% 
Bare Soil, 2 Feet Overtopping for 48 Hours 318 8,573 76% 
Paved Crest, 2 Feet Overtopping for 24 
Hours 

161 4,355 39% 

Note: The 30-foot tall berm has a volume of 417 cy/ft and the 15-foot tall berm has a volume of 188 cy/ft. 
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Table 2 
Dam Breach Analysis—Volume of Eroded Soil, Peak Flow Rate from Breach and 

Time for Breach Formation 

Calculation Method 
Peak 

Breach 
Discharge 

Breach 
Formation 

Time 

Volume 
of 

Material 
Eroded 

Avg. 
Breach 
Width 

Erosion Volume 
per Foot of 

Embankment 
Length 

Percent of 
Embankment 

Eroded4 

(cfs) (hours) (cy) (ft) (cy/ft) (cf/ft) (%) 

30-Foot Tall B
erm

 

MLM Method 1  
6 feet Overtopping 

10,087 0.55 10,126 40 254 6,860 61 

Froehlich Method2  
6 feet Overtopping, 
Overtopping Failure 

13,981 0.71 48,000 116 414 11,170 99 

Froehlich Method2  
6 feet Overtopping, 
Piping Failure 

14,764 0.71 37, 000 89 417 11,250 100 

15-Foot Tall B
erm

 

MLM Method  
6 feet Overtopping 

8,530 0.52 8,590 46 186 5,040 100 

Froehlich Method3 

6 feet Overtopping, 
Overtopping Failure 

3,411 1.43 21,150 112 189 5,100 100 

Froehlich Method3 

6 feet Overtopping, 
Piping Failure 

3,890 1.43 16,250 86 189 5,100 100 

30-Foot Tall B
erm

 

MLM Method 1  
2 feet Overtopping 

6,952 051 8,274 36 230 6,205 55 

Froehlich Method2  
2 feet Overtopping, 
Overtopping Failure 

12,635 071 48,000 116 414 11,170 100 

Froehlich Method2  
2 feet Overtopping, 
Piping Failure 

13,196 0.71 37,000 89 417 11,250 100 

1 Berm height less than listed height used due to calculation method limits. 
2 Eroded volume based on an average berm width of 375 feet. 
3 Eroded volume based on an average berm width of 340 feet. 
4 Percent of embankment eroded assumes consistent erosion along entire breach width, while the 

calculation method assumes a full breach through the dam occurs. 

The results above indicate a significant portion of the berm could be eroded during a flood event.  

The calculations above only account for one failure method at a time; however, animal burrow 

holes in the embankment can lead to a piping type failure after partial failure has occurred due to 

overtopping. 
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Comparing the results of Attachment A and B shows an order of magnitude similarity in the 

estimated volume of soil eroded. The difference between the results can be attributed to the fact 

that the calculations are based on different assumptions.  The dam breach calculations are 

intended to predict the breach size and time to failure under the assumption that a breach will 

occur; while the embankment overtopping calculations are intended to show the volume of earth 

moved during an overtopping event which might not cause complete failure of the embankment.  

It is worth noting that the dam breach calculations indicate the full breach will form within 30 

minutes to 1.5 hours from the time the breach begins.  This shows that if a breach begins to form 

in the gravel pit berm, it will quickly open and allow water to flow downstream, which can result 

in more failures downstream due to the in rush of water.  The flow rate associated with a breach 

is a result of the potential energy in the stored water; the flow is above the flow rate occurring in 

the river.  In addition, the sudden draining of a gravel pit can cause instability in the upstream 

banks which could cause the next upstream gravel pit to breach its bank. 

RIPRAP SIZING 

The Attachments C and D present calculations for flow down riprap on steep slopes, in particular 

for protecting the pitside banks during overtopping from the river.  These calculations are also 

applicable for overtopping flow from one pit to the next down river pit or return flow from the 

pit to the river.  For both attachments, flow over the embankment crest and down the steep slope 

was modeled as a wide modified trapezoidal channel with a 100-foot bottom width and 

sideslopes of 0.1 percent (1,000 H: 1V).  Calculations were based on embankment overflows of 

1,000 cfs and 20,000 cfs to bracket the range of potential overtopping flow along the South Platte 

River. 

Attachment C uses the pitside bank steep riprap slope sizing method presented in the 1987 

guidelines (Section 2.4.1).  The method and equations are similar to the method presented in 

HEC 11, which was issued in 1989 and revised in 2000 with metric units. 

Attachment D calculations are based on a steep slope method presented in HEC 23, Design 

Guidance 5.  HEC 23 is a large, two volume publication covering bridge scour and stream 

instability by the FHWA.  HEC 23, which was released in 2009, addresses roadway overtopping 
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and relies on the FHA document referenced in Attachment A.  The method in Attachment D was 

developed in the 1990’s at Colorado State University Hydraulics Laboratory Flume. 

In Attachments C and D, each of the methods reviewed indicate a very thick layer of large riprap 

(larger than the UDFCD maximum size VH/D50 = 24”) is necessary on steep (2½: 1) slopes for 

high flows.  The results of the two methods are summarized for comparison in Table 3 below.  

These results, which are not practical given local material availability and the cost impact of 

lining long berms, support alternate methods of bank stabilization.  For example, the use of 

spillways will concentrate flow in specific areas, allowing heavy armoring to be placed 

selectively for high overtopping flow rates.  This allows the design flow rate for the remainder of 

the pitside bank to be reduced, which would allow smaller riprap or boulders.  Other methods to 

avoid large riprap or boulders are grouted boulders, soil cement or flatter side slopes. 

Table 3 
Riprap Sizing Comparison 

Bank Slope 
UDFCD Gravel Guidelines Method HEC Steepslope Method1 

1,000 cfs 20,000 cfs 1,000 cfs 20,000 cfs 
2.5H:1V D50=3.5 ft D50=8.9 ft D50=1.0 ft 

t=2.0 ft 
D50=6 ft 
t=12 ft 

3H:1V D50=2.2 ft D50=6.8 ft D50=1.0 ft 
t=2.0 ft 

D50=6 ft 
t=12 ft 

4H:1V D50=1.4 ft D50=4.3 ft D50=1.0 ft 
t=2.0 ft 

D50=6.5 ft 
t=13 ft 

5H:1V D50=1.1 ft D50=3.2 ft N/A N/A 
1 HEC Steepslope method does not include a safety factor. 

The calculations do indicate that in lower flow conditions (1,000 cfs) a smaller size riprap could 

be used on steep slopes under the Attachment D calculation method than the Attachment C 

method, but it is worth noting that the method used in the calculation is based on a riprap 

gradation that is locally non-standard (in the Denver metro area). In addition, the Attachment D 

method was developed based on flow tests using a 3-meter wide test flume in the 1990’s and has 

not been subject to years of experience like the UDFCD method and gradations have been.  

Based on these factors, the riprap sizing method contained in the Guidelines still is reasonable to 

protect a resource as important at the South Platte River. 
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The existing 1987 guidelines did not offer specific direction for selecting the design flow for the 

overtopping protection due to the variable geometries available along the river; the intent was 

and remains to allow the design engineer to determine a reasonably conservative flow rate as 

appropriate for the local river reach.  We would suggest the minimum flow should be the 

overbank flow during the 100-year event, based on the modeling results presented in the Master 

Plan or Flood Hazard Area Delineation report. 
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Attachment A 
Embankment Overtopping Analysis per 
Federal Highway Administration (FHWA) 

Method 
  



Wright Water Engineers, Inc.
CALCULATION SHEET

Project: UDFCD Gravel Mining Criteria Design: JMN
Job. No.: 121-030.000 Check: TAE
Date: 9/11/2012
Subject: Lateral Berm Erosion Analysis

I. Purpose
            Estimate volume of material eroded from embankments during overtopping

II. References

2. FHAD South Platte River, Adams County, CO., UDFCD/CDM April 2005

III. Assumptions
1. Embankment overtopping occurs for 24 fours to 48 hours.
2. Noncohessive soils
3. Average Erosion Rate:  E  = K1K2Ea Ref # 1, Eqn 33

where:
K1 = time adjustment factor for flood duration
K2 = adjustment factor for embankment height
Ea = erosion rate for a 5-foot embankment

Ea is based on the ratio of tailwater to headwater (t/h)
4. Erosion Volume Vs =E * time (hours)
5. For purposes of these calculations the supply of sediment from embankments is not a limiting factor.

 
IV. Calculations

1. Case 1, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and bare soil; 24 hrs
t = -3
h = 6 also equals overtopping depth
t/h = -0.5 if t/h <= 0, use free fall curves

duration = 24 hours
K1 = 0.64 Ref #1, Fig 57 ok
30-foot tall embankment
K2 = 7.5 Ref #1, Fig 58 (projected) ok
Bare Soil Embankment
Ea = 2.8 Ref #1, Fig 47 (projected) ok

E = 13.4   cy/hr/ft ok

duration = 24 hours
Vs = 323   cy/ft = 8709   cf/ft ok

2. Case 2, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and bare soil; 48 hrs
t = -3
h = 6 also equals overtopping depth
t/h = -0.5 if t/h <= 0, use free fall curves

1. Development of a Methodology for Estimating Embankment Damage Due to Flood Overtopping, 
FHA Report No FHWA/RD-86/126, March 1987

3. Technical Review Guidelines for Gravel Mining Activities Within or Adjacent to 100-Year 
Floodplains, UDFCD/WWE Dec. 1987 (April, 2004)

UDFCD
Z:\Project Files\12\121-030\121-030.000\Engineering\
calculations\embankment erosion.xls\Embankment

Wright Water Engineers, Inc.
1/2/2013

Page 1 of 3
Des By:  JMN
Ckd By: TAE



duration = 48 hours
K1 = 0.6 Ref #1, Fig 57 ok
30-foot tall embankment
K2 = 7.5 Ref #1, Fig 58 (projected) ok
Bare Soil Embankment
Ea = 2.8 Ref #1, Fig 47 (projected) ok

E = 12.6   cy/hr/ft

duration = 48 hours
Vs = 605   cy/ft = 16330   cf/ft ok

3. Case 3, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and paved top and bare slopes; 24 hrs
t = -3
h = 6 also equals overtopping depth
t/h = -0.5 if t/h <= 0, use free fall curves

duration = 24 hours
K1 = 0.64 Ref #1, Fig 57 ok
30-foot tall embankment
K2 = 7.5 Ref #1, Fig 58 (projected) ok
Paved Top, Bare Slopes Embankment
Ea = 2.35 Ref #1, Fig 51 ok

E = 11.3   cy/hr/ft

duration = 24 hours
Vs = 271   cy/ft = 7309   cf/ft ok

Test cases 1-3 with embankment height equal to the maximum height publised in reference 1 (15-feet).

1a. Case 1a, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and bare soil; 24 hrs
t = -3
h = 6 also equals overtopping depth
t/h = -0.5 if t/h <= 0, use free fall curves

duration = 24 hours
K1 = 0.64 Ref #1, Fig 57 ok
15-foot tall embankment
K2 = 3.6 Ref #1, Fig 58 ok
Bare Soil Embankment
Ea = 2.8 Ref #1, Fig 47 (projected) ok

E = 6.5   cy/hr/ft

duration = 24 hours
Vs = 155   cy/ft = 4180   cf/ft ok

2a. Case 2a, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and bare soil; 48 hrs
t = -3
h = 6 also equals overtopping depth
t/h = -0.5 if t/h <= 0, use free fall curves

duration = 48 hours
K1 = 0.6 Ref #1, Fig 57 ok
15-foot tall embankment
K2 = 3.6 Ref #1, Fig 58 ok
Bare Soil Embankment
Ea = 2.8 Ref #1, Fig 47 (projected) ok

E = 6.0   cy/hr/ft ok

duration = 48 hours
Vs = 290   cy/ft = 7838   cf/ft ok

3a. Case 3a, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and paved top and bare slopes; 24 hrs
t = -3
h = 6 also equals overtopping depth

UDFCD
Z:\Project Files\12\121-030\121-030.000\Engineering\
calculations\embankment erosion.xls\Embankment

Wright Water Engineers, Inc.
1/2/2013

Page 2 of 3
Des By:  JMN
Ckd By: TAE



t/h = -0.5 if t/h <= 0, use free fall curves

duration = 24 hours
K1 = 0.64 Ref #1, Fig 57 ok
15-foot tall embankment
K2 = 3.6 Ref #1, Fig 58 ok
Paved Top, Bare Slopes Embankment
Ea = 2.35 Ref #1, Fig 51 ok

E = 5.4   cy/hr/ft ok

duration = 24 hours
Vs = 130   cy/ft = 3509   cf/ft ok

Rerun cases 1-3 with overtopping height equal to 2-feet to establish a range of erosion volumes.

4. Case 4, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and bare soil; 24 hrs
t = -3
h = 2 also equals overtopping depth
t/h = -1.5 if t/h <= 0, use free fall curves

duration = 24 hours
K1 = 0.64 Ref #1, Fig 57
30-foot tall embankment
K2 = 7.5 Ref #1, Fig 58 (projected)
Bare Soil Embankment
Ea = 1.47 Ref #1, Fig 47 

E = 7.1   cy/hr/ft

duration = 24 hours
Vs = 169   cy/ft = 4572   cf/ft ok

5. Case 5, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and bare soil; 48 hrs
t = -3
h = 2 also equals overtopping depth
t/h = -1.5 if t/h <= 0, use free fall curves

duration = 48 hours
K1 = 0.6 Ref #1, Fig 57
30-foot tall embankment
K2 = 7.5 Ref #1, Fig 58 (projected)
Bare Soil Embankment
Ea = 1.47 Ref #1, Fig 47

E = 6.6   cy/hr/ft

duration = 48 hours
Vs = 318   cy/ft = 8573   cf/ft ok

6. Case 6, 300 foot wide berm, 3:1 slope downstream, 2:1 slope upstream and paved top and bare slopes; 24 hrs
t = -3
h = 2 also equals overtopping depth
t/h = -1.5 if t/h <= 0, use free fall curves

duration = 24 hours
K1 = 0.64 Ref #1, Fig 57
30-foot tall embankment
K2 = 7.5 Ref #1, Fig 58 (projected)
Paved Top, Bare Slopes Embankment
Ea = 1.4 Ref #1, Fig 51 

E = 6.7   cy/hr/ft

duration = 24 hours
Vs = 161   cy/ft = 4355   cf/ft ok

UDFCD
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Attachment B 
Dam Breach Analysis per Colorado State 

Engineer’s Office (SEO) Guidance 
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Attachment C 
Steep Slope Riprap Sizing per the Gravel 

Guidelines 
  



Wright Water Engineers, Inc.
CALCULATION SHEET

Project: UDFCD Gravel Mining Criteria
Job. No.: 121-030.000 Design: JMN
Date: 10/22/2012 Check: TAE
Subject: Steep Slope Riprap Sizing

I. Purpose
            Calculate riprap size and layer thickness

II. References and Assumptions
See attached hand written calculation sheet Pitside riprap sample calculation, dated 10-17-12

III. Calculations

1,000 cfs 20,000 cfs 1,000 cfs 20,000 cfs 1,000 cfs 20,000 cfs 1,000 cfs 20,000 cfs
SF = 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
γ = 62.4 62.4 62.4 62.4 62.4 62.4 62.4 62.4
Ss = 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
ϕ = 41 41 41 41 41 41 41 41
S = 0.4 0.4 0.33 0.33 0.25 0.25 0.2 0.2
R = 0.2 0.5 0.19 0.58 0.2 0.61 0.21 0.64
θ = 21.8 21.8 18.4 18.4 14 14 11.3 11.3

D 50 (ft) = 3.5 8.9 2.2 6.8 1.4 4.3 1.1 3.2
D 50 (in) = 43 107 27 82 17 52 13 39

AE: Trend in riprap sizing appears reasonable.  Massive size requirements for steep slopes and high flows.

2.5:1 3:1 4:1 5:1

UDFCD
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Hydraulic Analysis Report 
Project Data 
   Project Title:   UDFCD Gravel Mining Criteria / WWE Job No. 121-030.000  

   Designer:   WWE JMN  

   Project Date:  Tuesday, October 09, 2012   

   Project Units:  U.S. Customary Units   

   Notes:       

 

Channel Analysis: Channel Analysis 20000 
   Notes: For hydraulic radius required in pitside riprap size calculations, assume a 100-feet 
wide trapezoidal channel with less than 1% side slopes to mimic sheet flow down the slope.  Run 
1,000 cfs and 20,000 cfs to establish a range of hydraulic radii.   

Input Parameters 
   Channel Type:   Trapezoidal   

   Side Slope 1 (Z1): 1000.0000 (ft/ft)   

   Side Slope 2 (Z2): 1000.0000 (ft/ft)   

   Channel Width: 100.0000 (ft)   

   Longitudinal Slope: 0.4000 (ft/ft)   

   Manning's n: 0.0400   

   Flow: 20000.0000 (cfs)   

Result Parameters 
   Depth: 1.0709 (ft)   

   Area of Flow: 1254.0232 (ft^2)   

   Wetted Perimeter: 2241.8960 (ft)   

   Hydraulic Radius: 0.5594 (ft)   

   Average Velocity: 15.9487 (ft/s)   

   Top Width: 2241.8949 (ft)   

   Froude Number: 3.7580   

   Critical Depth: 1.8524 (ft)   

   Critical Velocity: 5.5301 (ft/s)   

   Critical Slope: 0.0237 (ft/ft)   

   Critical Top Width: 3804.7833 (ft)   

   Calculated Max Shear Stress: 26.7308 (lb/ft^2)   

   Calculated Avg Shear Stress: 13.9616 (lb/ft^2)   

 



Channel Analysis: Channel Analysis 1000 
   Notes:    

Input Parameters 
   Channel Type:   Trapezoidal   

   Side Slope 1 (Z1): 1000.0000 (ft/ft)   

   Side Slope 2 (Z2): 1000.0000 (ft/ft)   

   Channel Width: 100.0000 (ft)   

   Longitudinal Slope: 0.4000 (ft/ft)   

   Manning's n: 0.0400   

   Flow: 1000.0000 (cfs)   

Result Parameters 
   Depth: 0.3185 (ft)   

   Area of Flow: 133.3073 (ft^2)   

   Wetted Perimeter: 737.0412 (ft)   

   Hydraulic Radius: 0.1809 (ft)   

   Average Velocity: 7.5015 (ft/s)   

   Top Width: 737.0409 (ft)   

   Froude Number: 3.1084   

   Critical Depth: 0.5262 (ft)   

   Critical Velocity: 3.0348 (ft/s)   

   Critical Slope: 0.0354 (ft/ft)   

   Critical Top Width: 1152.4085 (ft)   

   Calculated Max Shear Stress: 7.9503 (lb/ft^2)   

   Calculated Avg Shear Stress: 4.5145 (lb/ft^2)   
 
 

Z:\Project Files\12\121‐030\121‐030.000\Engineering\calculations\pitside riprap calc gravel mining criteria.rtf 

 



 

 

Attachment D 
Steep Slope Riprap Sizing per Hydrologic 

Engineering Circular (HEC) 23 
 

  



Wright Water Engineers, Inc.
CALCULATION SHEET

Project: UDFCD Gravel Mining Criteria Design: JMN
Job. No.: 121-030.000 Check: TAE
Date: 10/22/2012
Subject: Steep Slope Riprap Sizing

I. Purpose
            Calculate riprap size and layer thickness

II. References

2. FHAD South Platte River, Adams County, CO., UDFCD/CDM April 2005

III. Assumptions and Equations
 1. Overtopping flow rates: Q 1 = 1,000 cfs

Q 2 = 20,000 cfs
2. Embankment Length = 1,000 ft
3. Interstitial Velocity =

where:
V i  = Interstitial Velocity (ft/s)
g = Acceleration due to gravity (32.2 ft/s2)

Ref. 1 eqn. 5.1 d 50  = Particle size for which 50% is finer by weight (ft)
C u  = Riprap Coefficient of uniformity (d60/d10)
S = Embankment slope (ft/ft)

4. Riprap size =

Ref. 1 eqn. 5.2 where:
d 50  = Particle size for which 50% is finer by weight (ft)
K u  = 0.525 constant (English)
q f  = Unit discharge at failure (cfs/ft)
C u  = 2.1 Riprap Coefficient of uniformity (d60/d10)
S = Embankment slope (ft/ft)
S g  = 2.5 Riprap specific gravity
α = Embankment slope (degrees)
φ = Riprap angle of repose (41°) 0.73

5. Weir Equation
H = (Q/CL)0.67 broadcrested weir w/ C = 2.84

6. Average velocity
V avg  = ηV i η = riprap porosity

7. Interstitial avg. flow depth
y = q f /V avg

1. Bridge Scour and Stream Instability Countermeasures: Vol .2 FHWA HEC 23, Sept. 2009

3. Technical Review Guidelines for Gravel Mining Activities Within or Adjacent to 100-Year Floodplains, 
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IV. Calculations

1. 1,000 cfs condition
Q 1 = 1,000 cfs
L = 1,000 ft
q f  = 1 cfs/ft
H = 0.5 ft

slope ( _ H: 1 V) 2.5 3 4
α (degrees) 21.80 18.43 14.04
α (radians) 0.38 0.32 0.24
C u 2.1 2.1 2.1
d 50  (ft) 0.52 0.43 0.33

selected d 50  (ft) 1 1 1

V i 1.59 1.43 1.21
η 0.45 0.45 0.45
V avg 0.72 0.64 0.55

y 1.39 1.55 1.83
2*d 50  (ft) 2.00 2.00 2.00 2*d 50 > y for riprap size to be valid

2. 1,000 cfs condition
Q 1 = 20,000 cfs
L = 1,000 ft
q f  = 20 cfs/ft
H = 3.7 ft

slope ( _ H: 1 V) 2.5 3 4
α (degrees) 21.80 18.43 14.04
α (radians) 0.38 0.32 0.24
C u 2.1 2 2
d 50  (ft) 2.49 2.05 1.60

selected d 50  (ft) 6 6 6.5

V i 3.90 3.51 3.09
η 0.45 0.45 0.45
V avg 1.76 1.58 1.39

y 11.39 12.66 14.37
2*d 50  (ft) 12.00 12.00 13.00 2*d 50 > y for riprap size to be valid

Does not quite meet criteria, but 
increasing D50 further only widens 
gap.
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Attachment E 
CD of Attachments and References 

 



DENVER 
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Phone: 303.480.1700 
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