
 
Caltrans 

Fish Passage Design for Road Crossings 

Appendix L - Design Example - Stream Simulation Design Example 
October 2014 
 

 

APPENDIX L 

DESIGN EXAMPLE - STREAM SIMULATION DESIGN OPTION 

 

With this October 2014 update, the process for design and analysis of the 
stream simulation culvert or bridge bed has changed.  The new process is based 
on the U.S. Forest Service method.  CA Fish & Wildlife recognizes the U.S. Forest 
Service method for bed mobility stability/mobility analysis, as well as the bed 
particle sizing and distribution. 

See “Updated Method for Stream Simulation Culvert or Bridge Bed Material 
Sizing” at the bottom of this design example. 

 































Culvert outlet looking upstream 

 









































Form 5 - Guidance on Methodology for Hydraulic Analysis 
 
Form 5 summarizes the acceptable methods available for hydraulic analysis.  The 
modeling methods include FHWA Design Charts, HY8 - Culvert Analysis, and HEC-
2/HEC-RAS, and Fish Xing for pre- or post-design assessment. 
 
For this particular example, HEC-RAS was used to model existing and proposed 
conditions.  HEC-RAS easily allowed a quick comparison between existing and proposed 
water surface elevations and velocities.   
 
The HEC-RAS model consists of two plans: existing geometry and proposed geometry 
conditions.  Both plans use the same peak discharges estimated by regional regression 
analysis.    
 
The existing culvert geometry was modeled using the Culvert Data Editor.  The existing 
culvert parameters that had been measured and captured in Form 2 - Site Visit Summary, 
were entered into the Culvert Data Editor within HEC-RAS.   
 
The Culvert Data Editor and Bridge Culvert Data windows are captured below. 
 

 
 
 
 



The proposed culvert geometry was also modeled using the Culvert Data Editor in HEC-
RAS.  The depth blocked feature and higher Manning’s n-values for the culvert bottom 
was used to model the bed embedment. 
 
The Culvert Data Editor and Bridge Culvert Data windows are captured below. 

 
 
 































Form 6C - Stream Simulation Design Option 
 
Form 6C provides guidance to correctly design a culvert that meets streambed stability 
requirements, while also satisfying traffic safety, hydraulic impacts, and scour concerns.  
 
The Stream Simulation Design Option requires a second site visit to correctly identify an 
appropriate reference reach, and to take soil samples in order to perform a sieve analysis.  
These two items were not included in Form 2 - Site Visit Summary because they can be 
time consuming, costly, and are not required for the other design options.    
 
An acceptable reference reach is determined by selecting a channel reach that best 
represents the creek in profile, cross section, and bed material, as well as forming features 
such as banklines, bed forms, and key features.  For this particular example, a reference 
reach was found about 120 feet upstream of the culvert inlet that was identified as a 
“plane-bed” channel type having a gravel-cobble bottom.  The banks of this reference 
reach are lined with rocks with a rough diameter range of 8 inches to 18 inches, which 
qualifies as a ¼ -Ton RSP material class.  Based on field observation, a cross section of 
the reference reach was sketched on Form 6C. 
 
While sketching the reference reach cross section in the field, the channel bankfull width 
was determined.  The bankfull channel is defined by the bankfull discharge, which is the 
discharge that fills a stable alluvial channel up to the elevation of the active floodplain.  
Identification of the bankfull channel was based on the determination of the minimum 
channel width to depth ratio determined from cross sectional measurements of stable 
channel reaches upstream and downstream of the proposed culvert location.  For this 
particular example, the bankfull channel width was determined at 12 feet.  The culvert 
width for the Stream Simulation Design Option is required to span the bankfull channel; 
therefore, the proposed culvert width was also 12 feet in diameter.   
 
Within the reference reach, the District Lab collected four samples at random locations 
from the creek bed in order to perform a sieve analysis of each sample.  After reviewing 
the test results of each sample prepared by the Lab, the average sample was selected and 
a grain-size distribution curve was developed. 
 
The long profile illustrates or predicts the effects on stream behavior due to an undersized 
culvert with high velocities.  The average equilibrium state is identified, which allows the 
deposition at the inlet to be removed and the scour pool at the outlet filled.   
 
As a part of the Stream Simulation design process, the streambed and creek features (ie. 
rock bands, boulder clusters, and banklines) must be analyzed and designed properly to 
mimic conditions outside the culvert within the culvert.  The first step in performing this 
task is to check bed stability and creek feature stability.   
 
Bed stability is checked by using the average sample test results.  The bed material to be 
placed in the culvert must be stable for a Q25 storm at a minimum.  If the existing bed 
material from the reference reach is not stable for a Q25, considering the hydraulic 



conditions inside the culvert, a new bed-material gradation must be developed that will be 
stable for at least a Q25 storm event. 
 
For this design example, the existing bed material from the reference reach was found to 
be unstable using Laursen’s critical-velocity equation given a Q25 storm event.  The D50 
target particle size of the reference reach is 0.85 inches, while the calculated D50 is 1.38 
inches.  Therefore, a parallel and proportional gradation curve was generated using the 
controlling D50 equal to 1.38 inches, which will comprise stable material for a Q25 storm 
event.    
 
Based on the new gradation curve, in addition to bankline and bed features found in the 
field, a typical cross section of the culvert and interior bed material was created.  This 
simulated streambed also includes a low-flow channel that is intended to provide shape to 
the initial bed.  As calculated, the initial bed will remain stable for Q25 flows and less.  
 
Creek feature stability is also checked by determining if the field measured rough rock 
diameter is appropriate for the Q25 storm.  A creek feature to be placed in the culvert must 
be stable for a Q25 storm at a minimum.  If the existing bed material from the reference 
reach is not stable for a Q25, considering the hydraulic conditions inside the culvert, a 
new creek feature RSP class must be selected so that it will be stable for at least a Q25 
storm event. 
 
The banks of this reference reach are lined with rocks with a rough diameter range of 8 
inches to 18 inches, which qualifies as a ¼ -Ton RSP material class.  This ¼ -Ton RSP 
material must be checked for stability.  
 
The proposed average culvert velocity for the Q25 storm is 7.4 ft/s calculated by the HEC-
RAS model.  The corresponding minimum stable diameter found in Appendix N - Rock 
Weir Design, Table N-3: Boulder Cluster Design Method - Minimum Rock Diameter, is 
approximately 0.45 ft.  The minimum stable diameter is equivalent to the rough D50 

provided in Table N-1: Caltrans RSP Class Rough Diameter.  A rough D50 of 0.45 ft is 
equivalent to a Caltrans RSP class of cobbles.  Therefore, the proposed creek feature RSP 
class of ¼ -ton will create a more than stable condition in the culvert.   
 
Appendix N - Table N-3: Boulder Cluster Design Method - Minimum Rock Diameter 
GENERIC ROCK 

CLASS 
MIN. STABLE 

DIAMETER (D50) 
(inches) 

ττττc (lb/sf) vc (ft/s) 

Very Large Boulder 6.67 ft (>80) 37.4 25 
Large Boulder 3.33 ft (>40) 18.7 19 

Medium Boulder 1.67 ft (>20) 9.3 14 
Small Boulder 0.83 ft (>10) 4.7 10 
Large Cobble 0.42 ft (>5) 2.3 7 
Small Cobble 0.21 ft(>2.5) 1.1 5 

 
 



Appendix N - Table N-1: RSP Class Rough Diameter 
Caltrans RSP CLASS ROUGH D50 (FEET) 

Cobble 0.66 
Backing No. 1 0.95 

Light 1.32 
¼ Ton 1.79 
½ Ton 2.26 
1 Ton 2.85 
2 Ton 3.59 
4 Ton 4.50 
8 Ton 5.70 

 
Although no specific species, depth, or velocity criteria had to be met, hydraulic analyses 
for hydraulic impacts and scour were satisfied.   
 











































Updated Method for Stream Simulation Culvert or Bridge Bed Material Sizing 

October 2014 
In theory, the D84 particle controls channel roughness, channel form, and bed mobility.  The design 
premise for stream simulated culvert or bridge bed sizing is that the D84 particle in the stream 
reference reach and the “design” D84 particle will become mobile at similar flows considering differing 
hydraulic conditions between the simulation culvert or bridge and the natural stream.   The design D84 
particle diameter must be sized to meet the bed mobility condition within 25% of the reference reach 
D84 particle size.  Particle size and bed mobility similarities are the two main criteria and must be 
achieved in the sizing of a stream simulated culvert or bridge bed. 

In this guidance document, the process for analyzing stability/mobility and sizing the design bed 
material is based on the U.S. Forest Service method.  This method of analysis and design is recognized by 
CA Fish & Wildlife. 

 
Step 1. For the reference reach stream bed, request soil sampling (1 ft depth), sieve analysis, and 

gradation curve generation from District Materials Lab. 

Step 2. From the gradation curve, determine D16, D50, D84 particle sizes of the reference reach 
streambed. 

D16 = 0.07 in 
D50 = 0.85 in 
D84 = 3.25 in 

Step 3. Using reference reach cross-sectional and long- profile data, find the active channel width and 
stream gradient (slope). 



Active Channel Width = 12 ft 
Stream Gradient = 1.48% 

Step 4. Create a HEC-RAS model that includes the reference reach, and iterate flow values until active 
channel flow width from Step 3 has been achieved.  From results, find flow area and wetted 
perimeter for active channel discharge.  Calculate hydraulic radius (R). 

𝑹 =
𝑭𝒍𝒐𝒘 𝑨𝒓𝒆𝒂

𝑾𝒆𝒕𝒕𝒆𝒅 𝑷𝒆𝒓𝒊𝒎𝒆𝒕𝒆𝒓
=

𝟗.𝟎𝟐
𝟏𝟎.𝟑𝟐

= 𝟎.𝟖𝟕𝟒 𝒇𝒕 

Step 5. Determine whether to use the Modified Shields or Critical Unit Discharge Method for 
stability/mobility analysis by calculating parameters unique to each method: 

Modified Shields Method 

Bed slope < 5%      1.48% < 5%?   OK 
R/D84 > 5    0.874 ft/0.27 ft = 3.22 > 5? NOT OK 
D84/D50 <25     1.4/0.85 = 1.65 < 25? OK 
Bed particle range between 0.39” – 9.75”  0.003” – 5.0”? NOT OK 

Critical Unit Discharge Method 

Bed slope between 2% - 5%   1.48%?   NOT OK 
2.75” < D50 < 5.5”    2.75” < 0.85” < 5.5”? NOT OK 
6” < D84 < 9.75”     6” < 3.25” < 9.75”? NOT OK 
R/D84 < 5    0.874 ft/0.27 ft = 3.22 < 5? OK 

Note: Choose the stability/mobility method where most parameters are met.  Use 
Modified Shields Method. 

Step 6.  

a. Choose a minimum of 5 flows between zero and bankfull discharge values to be used in the 
mobility/stability discharge analysis. 

Qa = 6 cfs 
Qb = 8 cfs 
Qc = 10 cfs 
Qd = 12 cfs 
Qe = 14 cfs 

Step 7.  

a. Using HEC-RAS model that includes the reference reach, perform analysis for each of the 
flows chosen in Step 6a. 

Step 8.  

a. From HEC-RAS model results for each of the trial flows, find flow area, wetted perimeter, 
energy slope.  Calculate hydraulic radius for each flow. 

Qa = 6 cfs 
Flow area = 3.32 ft2 
Wetted perimeter = 7.74 ft 
Energy slope = 0.0138 ft/ft 
Hydraulic radius = A/P = 3.32/7.74 = 0.43 ft 

  



Qb = 8 cfs 
Flow area = 4.04 ft2 
Wetted perimeter = 8.08 ft 
Energy slope = 0.0135 ft/ft 
Hydraulic radius = A/P = 4.04/8.08 = 0.50 ft 

Qc = 10 cfs 
Flow area = 4.72 ft2 
Wetted perimeter = 8.39 ft 
Energy slope = 0.0132 ft/ft 
Hydraulic radius = A/P = 4.72/8.39 = 0.56 ft 

Qd = 12 cfs 
Flow area = 5.35 ft2 
Wetted perimeter = 8.67 ft 
Energy slope = 0.0131 ft/ft 
Hydraulic radius = A/P = 5.35/8.67 = 0.62 ft 

Qe = 14 cfs 
Flow area = 5.94 ft2 
Wetted perimeter = 8.92 ft 
Energy slope = 0.0131 ft/ft 
Hydraulic radius = A/P = 5.94/8.92 = 0.67 ft 

Step 9.  

a. In table below, determine Shields parameter based on median bed material (D50).  This will 
be the value tD50 to use in Step 10. 

Particle Classification Name 
Range of Particle Diameters Shields Parameter 

(in) (dimensionless) 
Coarse Cobble 5 – 10 0.054 – 0. 054 
Fine Cobble 2.5 – 5 0.052 – 0.054 
Very Coarse Gravel 1.25 – 2.5 0.05 – 0.052 
Coarse Gravel 0.63 – 1.25 0.047 – 0.05 
Medium Gravel 0.31 – 0.63 0.044 – 0.047 
Fine Gravel 0.16 – 0.31 0.042 – 0.044 
Very Fine Gravel 0.079 – 0.16 0.039 – 0.042 
Very Coarse Sand 0.039 – 0.079 0.029 – 0.039 
Coarse Sand 0.019 – 0.039 0.033 – 0.029 
Medium Sand 0.0098 – 0.019 0.048 – 0.033 
Fine Sand 0.0049 – 0.0098 0.072 – 0.048 
Very Fine Sand 0.0025 – 0.0049 0.109 – 0.072 
Coarse Silt 0.0012 – 0.0025 0.165 – 0.109 
Medium Silt 0.000614 – 0.0012 0.25 – 0.165 
Fine Silt 0.000307 – 0.000614 0.3 – 0.25 

 



Use Shields Parameter = 0.049 

Step 10.  

a. Find driving force: boundary shear stress and calculate entrainment threshold for D84 
particle for each flow from Step 6a. 

Discharge
Energy 
Slope

Hydraulic 
Radius

Driving Force: 
Boundary 

Shear Stress D50 D84

Shield's 
Entrainment 

for D50

Critical Shear 
Stress to Entrain 
D84 Particle Size

D84 

Particle 
Mobile

Q (cfs) Se (ft/ft) Rc (ft) tc (psf) (ft) (ft) tD50 tc-D84 (psf) (yes/no)

6 0.0138 0.43 0.370 0.071 0.271 0.049 0.53 No
8 0.0135 0.50 0.423 0.071 0.271 0.049 0.53 No

10 0.0132 0.56 0.464 0.071 0.271 0.049 0.53 No
12 0.0131 0.62 0.504 0.071 0.271 0.049 0.53 No
14 0.0131 0.67 0.545 0.071 0.271 0.049 0.53 Yes

tc-D84 = 102.6 tD50 D84
0.3 D50

0.7

Modified Shields Method
Hydraulics Particle Mobility/Stabil ity

REFERENCE REACH CROSS SECTION

tc = g Rc Se

 
Step 11.  

a. Compare driving force and threshold movement values to determine D84 particle mobility at 
each flow.  If D84 does not become mobile for any of the trial flows, select flows greater than 
bankfull discharge and repeat Steps 6a – 10a until a flow is found that moves the D84 
particle. 

Step 12.  

a. Plot tc vs Q.  Find the correspond flow with tc-D84 threshold shear.  This will be the critical 
flow that causes incipient motion of the D84 particle within the reference reach. 



 
Note: Based on Modified Shields analysis, the D84 = 3.25 in particle will mobilize at Q = 13.5 cfs within 
the reference reach. 

Step 13. Select an initial D84 particle size for the design bed material to be placed inside the stream 
simulation culvert.  The goal is to select a size that will mobilize inside the culvert with a 
similar discharge as the reference reach (Q = 13.5 cfs). 

Initial D84 = 4.0 in, corresponding D50 = 1.0 in considering parallel gradation with reference 
reach soil sample. 

Repeat Steps 6a – 12a for the design reach inside the stream simulation culvert. 
Note: The HEC-RAS model for Step 7a must include the stream simulation culvert.  Also, the 
method for finding wetted perimeter and flow area (Step 8a) will be different for the culvert 
than the reference reach. In HEC-RAS, the culvert tabular results do not present wetted 
perimeter and flow area values.  For the culvert, the flow area and wetted perimeter will need 
to be measured and calculated manually from the wetted cross section graphical results in 
HEC-RAS.  Once these values are measured and calculated, hydraulic radius can be obtained. 

Repeat Step 6. 

a. Choose a minimum of 5 flows between zero and bankfull discharge values to be used in the 
mobility/stability discharge analysis. 

Qa = 8 cfs 
Qb = 10 cfs 
Qc = 12 cfs 
Qd = 14 cfs 
Qe = 16 cfs 

  



Repeat Step 7. 

a. Using HEC-RAS model that includes the reference reach, perform analysis for each of the 
flows chosen in Step 6a. 

Repeat Step 8. 

a. From HEC-RAS model results for each of the trial flows, find flow area, wetted perimeter, 
energy slope.  Calculate hydraulic radius for each flow. 

Qa = 6 cfs 
Flow area = 3.79 ft2 
Wetted perimeter = 7.56 ft 
Energy slope = 0.0153 ft/ft 
Hydraulic radius = A/P = 3.79/7.56 = 0.50 ft 

Qb = 8 cfs 
Flow area = 4.41 ft2 
Wetted perimeter = 8.04 ft 
Energy slope = 0.0157 ft/ft 
Hydraulic radius = A/P = 4.41/8.04 = 0.55 ft 

Qc = 10 cfs 
Flow area = 5.01 ft2 
Wetted perimeter = 8.48 ft 
Energy slope = 0.0159 ft/ft 
Hydraulic radius = A/P = 5.01/8.489 = 0.59 ft 

Qd = 12 cfs 
Flow area = 5.61 ft2 
Wetted perimeter = 8.90 ft 
Energy slope = 0.0158 ft/ft 
Hydraulic radius = A/P = 5.61/8.90 = 0.63 ft 

Qe = 14 cfs 
Flow area = 6.17 ft2 
Wetted perimeter = 9.29 ft 
Energy slope = 0.0159 ft/ft 
Hydraulic radius = A/P = 6.17/9.29 = 0.66 ft 

Repeat Step 9. 

a. In table below, determine Shields parameter based on median bed material (D50).  This will 
be the value tD50 to use in Step 10. 

  



Particle Classification Name 
Range of Particle Diameters Shields Parameter 

(in) (dimensionless) 
Coarse Cobble 5 – 10 0.054 – 0. 054 
Fine Cobble 2.5 – 5 0.052 – 0.054 
Very Coarse Gravel 1.25 – 2.5 0.05 – 0.052 
Coarse Gravel 0.63 – 1.25 0.047 – 0.05 
Medium Gravel 0.31 – 0.63 0.044 – 0.047 
Fine Gravel 0.16 – 0.31 0.042 – 0.044 
Very Fine Gravel 0.079 – 0.16 0.039 – 0.042 
Very Coarse Sand 0.039 – 0.079 0.029 – 0.039 
Coarse Sand 0.019 – 0.039 0.033 – 0.029 
Medium Sand 0.0098 – 0.019 0.048 – 0.033 
Fine Sand 0.0049 – 0.0098 0.072 – 0.048 
Very Fine Sand 0.0025 – 0.0049 0.109 – 0.072 
Coarse Silt 0.0012 – 0.0025 0.165 – 0.109 
Medium Silt 0.000614 – 0.0012 0.25 – 0.165 
Fine Silt 0.000307 – 0.000614 0.3 – 0.25 

 
Use Shields Parameter = 0.049. 

Repeat Step 10. 

a. Find driving force: boundary shear stress and calculate entrainment threshold for D84 
particle for each flow from Step 6a. 

Discharge
Energy 
Slope

Hydraulic 
Radius

Driving 
Force: 

Boundary 
Shear Stress D50 D84

Shield's 
Entrainment 

for D50

Critical Shear 
Stress to Entrain 
D84 Particle Size

D84 

Particle 
Mobile

Q (cfs) Se (ft/ft) Rc (ft) tc (psf) (ft) (ft) tD50 tc-D84 (psf) (yes/no)

8.00 0.01527 0.50 0.478 0.08 0.333 0.049 0.63 No
10.00 0.01569 0.55 0.537 0.08 0.333 0.049 0.63 No
12.00 0.01587 0.59 0.585 0.08 0.333 0.049 0.63 No
14.00 0.01584 0.63 0.623 0.08 0.333 0.049 0.63 No
16.00 0.01587 0.66 0.657 0.08 0.333 0.049 0.63 Yes

tc-D84 = 102.6 tD50 D84
0.3 D50

0.7

Modified Shields Method
Hydraulics Particle Mobility/Stabil ity

DESIGN REACH CROSS SECTION

tc = g Rc Se

 
  



Repeat Step 11. 

a. Compare driving force and threshold movement values to determine D84 particle mobility at 
each flow.  If D84 does not become mobile for any of the trial flows, select flows greater than 
bankfull discharge and repeat Steps 6a – 10a until a flow is found that moves the D84 
particle.  If all flows cause movement in D84 particle, choose lower flows until a flow is found 
where D84 particle is stable 

Repeat Step 12. 

a. Plot tc vs Q.  Find the corresponding flow with tc-D84 threshold shear.  This will be the 
critical flow that causes incipient motion of the D84 particle within the design reach. 

 
Note: Based on Modified Shields analysis, the D84 = 4.0 in particle will mobilize at Q = 14.5 cfs within the 
design reach.   

Step 14. Compare critical flow of the reference reach and design reach that causes respective D84 
particle to move.  Also, compare D84 particle sizes between reference reach and design 
reach.  Are the sizes within 25% of each other, and do they mobilize at similar flows? 

The design D84 particle size is 23% larger than the reference reach, which is within 25% 
(recommended) of the reference reach D84 particle size.  Also, the design D84 particle 
mobilizes at a similar discharge as the reference reach (13.5 cfs vs. 14.5 cfs), therefore 
design D84 particle is acceptable. 

Step 15. Once the final D84 particle diameter has been determined, shift the gradation curve from the 
reference reach to match the D84 design particle diameter.  This will create parallel 
gradation between the reference reach and the design reach. 

 



 
Step 16. From the new design reach gradation curve, determine D8 and D16 particle size. 

D8 = 0.050 in 
D16 = 0.125 in 

Step 17. Using Fuller-Thompson method, calculate D8 and D16 particle size to achieve a high density 
mixture to seal simulated bed and control permeability.  In the equations below, use D50 
from the design gradation curve.  The values of “n” will typically range between 0.45 – 1.1 to 
meet the high density mixture desire.  The goal in this analysis is to have D8 particle 
diameter be approximately 0.08 in and the value of “n” should be chosen accordingly.  If the 
reference reach D8 and D16 particle sizes are below the calculated particle sizes, the 
gradation curve for the simulated culvert bed will not need to be adjusted. 

𝑫𝟏𝟔 = 𝟎.𝟑𝟐𝟏 𝒏� 𝑫𝟓𝟎 

𝑫𝟖 = 𝟎.𝟏𝟔𝟏 𝒏� 𝑫𝟓𝟎 

D50 = 1.0 in 
Use “n” = 0.7 

𝑫𝟏𝟔 = 𝟎.𝟑𝟐
𝟏
𝟎.𝟕(𝟏.𝟎 𝒊𝒏) = 𝟎.𝟏𝟗 𝒊𝒏 

Calculated D16 = 0.19 in > Design D16 = 0.125 in  OK 

𝑫𝟖 = 𝟎.𝟏𝟔
𝟏
𝟎.𝟕(𝟏.𝟎 𝒊𝒏) =  𝟎.𝟎𝟕 𝒊𝒏 

Calculated D8 = 0.07 in > Design D8 = 0.050 in  OK 



Because design D8 and D16 are less than calculated D8 and D16, no need to adjust design gradation 
curve to meet the high density mixture criteria. 

Step 18. Calculate stream simulation bed minimum thickness. 

Min. Thickness = 4 × D84 design reach = 4 × 4.0 = 16.0 in 
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