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1.0 INTRODUCTION 

The HDR Design Team is providing design services to the Sutter Butte Flood Control Agency 
(SBFCA) for the Feather River West Levee (FRWL) Project. URS Corporation (URS), as a 
member of the HDR Design Team, has been providing geotechnical engineering services for 
the FRWL Project. 

The FRWL Project’s Reach 7 extends from Station 510+37 to 596+00 and is 8,563 feet long. 
The designed remedial measures in Reach 7 consisted of a fully penetrating soil bentonite 
(SB) cutoff wall for most of Reach 7, with a combined system of relief wells and SB cutoff 
wall between Station 543+60 and Station 568+55. The reason for the inclusion of relief wells 
was due to the presence of a thinning aquaclude key-in layer at the base of the cutoff wall 
and/or the absence of a suitable aquaclude key-in layer. Details of the combined relief well 
and SB cutoff wall system are presented in the Relief Well Design for Reach 7 Technical 
Memorandum (URS, 2013). 

During 2014 construction, the SB cutoff wall in Reach 7 was installed and additional 
geotechnical information became available regarding the presence and thickness of the 
aquaclude key-in layer at the base of the cutoff wall. This additional information was 
gathered during the logging of soils excavated during the installation of the cutoff wall and 
was supplemented with additional CPT soundings undertaken in 2015 to verify specific 
information.  

The additional geotechnical data obtained during the installation of the cutoff wall, together 
with the information provided by supplemental CPT soundings in 2015, has been reviewed 
by the Design Team and used to re-evaluate the previously designed relief well system. This 
re-evaluation shows that the original relief well design can be significantly reduced while still 
providing appropriate seepage mitigation and presents a significant cost saving. 
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This memorandum summarizes the updated analysis and relief well spacing proposed as a 
result of the additional information available and supersedes previous technical memoranda 
on the issue. 

2.0 BACKGROUND 

2.1 Subsurface and Geomorphic Site Setting 

Existing exploration data shows that the levee in Reach 7 is founded on a fine-grained 
blanket approximately 10 to 20 feet thick. The blanket layer is underlain by two discrete 
aquifer layers. The upper aquifer layer is typically 20 to 30 feet thick and separated from the 
lower aquifer layer by a fine-grained aquaclude layer that is generally 15 to 35 feet thick. The 
exception is between approximately Station 545+00 and 570+00, where the aquaclude layer 
separating the upper and lower aquifers is much thinner, typically only 5 feet thick, and even 
intermittent or absent in places (approximately between Station 548+00 and Station 554+00). 
Longitudinal profiles showing the subsurface conditions in Reach 7 are presented in 
Attachment A. 

A deep borrow trench is located along the waterside toe of the levee along much of Reach 7. 
The presence of this borrow trench, presumably excavated during levee reconstruction 
almost a century ago, has removed the waterside blanket over portions of the reach allowing 
water to directly charge the upper aquifer layer during high water events.  

The geomorphology map for the FRWL Project shows that Historical Overbank (Rob) 
deposits and Holocene Overbank (Hob) deposits are widespread along the west bank of the 
Feather River in Reach 7. Overbank deposits contain sand, silt, and clay and are usually 
deposited during overtopping of channel banks. Historical Crevasse Splay (Rcs) deposits are 
also shown in the central and southern portion of Reach 7, indicating past breaches of the 
natural river bank and infilling with more pervious deposits. The more recent deposits are 
underlain by Pleistocene deposits of the Upper Modesto Formation, which comprise 
unconsolidated gravel, sand, silt and clay. The geomorphology map is presented in 
Attachment B. 

The river channel in this portion of the Feather River is approximately 1 mile wide, with the 
current alignment of the river along the eastern boundary of the channel approximately 
1 mile away from the levee in central portion of Reach 7. The area between the levee in 
Reach 7 and the current river alignment is cross-cut with multiple Historical Channel (Rch) 
deposits and Historical Alluvial (Ra) deposits. This indicates that the river channel has been 
very active in the recent past with multiple phases of erosion and deposition and changing 
channel alignment.  

The geomorphology map shows the orientation of Historical Channel and Alluvial deposits 
within the river channel radiate out from the central portion of Reach 7 between 
approximately Station 540+00 and 555+00. This coincides with a concentration of Historical 
Overbank (Rob) deposits, Holocene Overbank (Hob) deposits and Historical Crevasse Splay 
(Rcs) deposits mapped on the landside of the levee (Attachment B). This suggests that 
repeated incidents of overtopping and erosion of the channel bank have occurred. Of 
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particular interest is the location of the Historical Crevasse Splay (Rcs) deposits at 
approximately Station 551+00. At this location, the subsurface exploration data shows the 
absence of the aquaclude layer separating the upper and lower aquifers. This suggests that 
aquaclude layer at this location may have been removed by deep channel erosion 
associated with a historical breach of the levee. 

The portion of Reach 7 where Historical Overbank (Rob) deposits, Holocene Overbank (Hob) 
deposits and Historical Crevasse Splay (Rcs) deposits are mapped on the landside of the 
levee also coincides with areas of significant past performances issues (Attachment B). 

3.0 REVIEW OF EXISTING RELIEF WELL DESIGN BASED ON TRENCH 
LOGGING 

Based on the subsurface exploration data in Reach 7 used for the original design and the 
information from the 2014 trench logging records, the Design Team considered that the 
number and extent the relief wells between Station 543+60 and Station 568+55 in Reach 7 
could be reduced from the original design presented in the Relief Well Design for Reach 7 
Technical Memorandum (URS, 2013). This is largely due to the presence of an intermediate 
aquaclude between the upper and lower aquifers and the complete cutoff of the upper 
aquifer in most of the reach. 

Evaluation of the subsurface exploration and trench logging data identified the following: 

�  Station 543+60 to Station 546+00 (240 feet) 

The cutoff wall is keyed into an aquaclude layer that is 5 feet thick or greater and existing 
exploration data show the layer to be continuous on the landside. As such, there is not a 
need for relief wells in this area. 

�  Station 546+00 to Station 550+50 (450 feet) 

At approximately Station 546+00, landside toe exploration data shows the aquaclude 
key-in layer to be continuous on the landside, but between Station 546+00 and 
Station 550+50 the limited subsurface data indicates that the aquaclude on the landside 
of the levee is not continuous. As such, relief wells are needed in this area, but the exact 
ground conditions to be used for relief well design are uncertain due to a lack of 
information. 

�  Station 550+50 to Station 554+00 (350 feet) 

The aquaclude layer between the upper and lower aquifers is not continuous on the 
landside of the levee and is not present at all in places. As such, the SB cutoff wall does 
not provide an adequate seepage barrier and relief wells are needed. 

�  Station 554+00 to Station 562+00 (800 feet) 

The cutoff wall is keyed into an aquaclude layer that is 5 to 10 feet thick or greater and is 
continuous on the landside. As such, there is not a need for relief wells in this area. 
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�  Station 562+00 to Station 565+90 (390 feet) 

The cutoff wall is keyed into an aquaclude layer that is generally 4 to 5 feet thick, but 
occasionally thins to only 3 feet. Exploration data indicates a thinning and potential 
absence of the aquaclude key-in layer landward of the cutoff wall. As such, relief wells 
may or may not be needed, but there is no landside toe exploration data between 
approximately Station 557+00 and 568+00 to be certain. 

�  Station 565+90 to Station 568+55 (365 feet) 

The cutoff wall is keyed into an aquaclude layer that is 5 feet thick or greater and is 
continuous on the landside. As such, there is not a need for relief wells in this area. 

Based on the above, the Design Team recommended that additional landside toe 
explorations be performed to provide information on the thickness and elevation of 
aquaclude layers in the subsurface profile. This information was considered necessary to fill 
gaps in the existing field data and help refine the analyses used to re-evaluate the relief well 
design. Details of additional field investigation work are presented in Section 4.0. 

4.0 ADDITIONAL FIELD INVESTIGATION WORK 

In January 2015, eight Cone Penetration Test (CPT) soundings were performed along the 
landside of the levee in Reach 7 to provide additional subsurface information for evaluating 
the design of the relief well system. 

Five CPT soundings were performed south of the area of the hanging SB cutoff wall between 
approximately Station 547+00 and 550+00 and three CPTs north of the hanging wall 
between approximately Station 558+00 and 563+00. The CPTs performed between Station 
547+00 and Station 550+00 showed the absence of a reliable aquaclude layer at an 
elevation consistent with where the tip of the SB cutoff wall had been installed and confirmed 
the need for relief wells in this area. This basically meant that the upper and lower aquifers 
could potentially be connected landward of the cutoff wall in the levee segment immediately 
south of the 350-foot gap where a hanging wall was determined between Stations 550+50 
and 554+00.  

CPTs performed between Station 558+00 and 562+50, north of the hanging wall, showed the 
presence of an approximately 5 feet thick aquaclude layer at the same elevation as that 
encountered at the base of the SB cutoff wall. As such, the aquaclude key-in layer is 
considered to be continuous on the landside and no relief wells are needed in this area. 

The location and subsurface plots for the additional CPTs are shown on the longitudinal 
profile presented in Attachment C and details are presented in Table 1. 
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Table 1. Summary of Additional CPTs Performed in Re ach 7 in January 2015 

CPT Reference  Location  Depth  Comments  

Station 55 8+00 to 563+00 - North of the Hanging Wall  

SL0001_057C Landside levee toe at approx. 
Station 563+00 

65 feet An approximately 5 feet thick fine-grained 
aquaclude layer was encountered at a depth 
of 45 feet (elevation 0 to +5 feet North 
American Vertical Datum of 1988 (NAVD88)) 
beneath the landside toe of the levee, which 
correlates well with existing exploration data 
and field logging data for the tip of the SB 
cutoff wall. 

SL0001_058C Landside levee toe at approx. 
Station 560+00 

65 feet 

SL0001_059C Landside levee toe at approx. 
Station 558+00 

65 feet 

Station 54 7+00 to 550+00 - South of the Hanging Wall  

SL0001_060C Landside levee toe at approx. 
Station 550+00 

65 feet No fine-grained aquaclude layer was 
encountered at the elevation of the bottom of 
the SB cutoff wall on the landside of the 
levee. Fine-grained aquaclude layers were 
encountered below the bottom of the cutoff 
wall in some of the CPTs, but the thickness 
and elevation was variable. Based on the 
CPT data, it is considered that the aquaclude 
key-in layer along the base of the SB cutoff 
wall is not continuous on the landside and 
that the upper and lower aquifers may be 
connected. 

SL0001_061C Landside levee toe at approx. 
Station 548+00 

75 feet 

SL0001_062C Approx. 100 feet from the 
landside levee toe at approx. 
Station 547+25 

65 feet 

SL0001_063C Approx. 125 feet from the 
landside levee toe at approx. 
Station 548+75 

75 feet 

SL0001_064C Approx. 100 feet from the 
landside levee toe at approx. 
Station 549+00 

75 feet 

 
5.0 CURRENT INTERPRETATION OF SUBSURFACE CONDITIONS  BASED 

ON ADDITIONAL FIELD DATA AND IMPACT TO RELIEF WELL DESIGN 

Using the additional information obtained during SB cutoff wall construction in 2014 and the 
additional CPT data undertaken in January 2015, the Design Team reviewed the subsurface 
conditions between Station 543+60 and 568+55 and the need for relief wells in this area. The 
following is a summary of the Design Teams conclusions: 

Station 543+60 to 546+00  – The intermediate aquaclude layer separating the upper and 
lower aquifer layers along the alignment of the cutoff wall is typically 5 feet thick or greater 
and is continuous on the landside of the levee toe such that the SB cutoff wall provides a 
reliable seepage barrier.  

No relief wells are necessary in this area. 

Station 546+00 to 550+50  – The intermediate aquaclude layer separating the upper and 
lower aquifer layers is intact along the alignment of the cutoff wall and is generally 4 to 5 feet 
thick. However, the contact between the base of the upper aquifer and top of the 
intermediate aquaclude along the landside levee toe deepens from approximately elevation 
0 (NAVD88) at approximately Station 546+00 to between -20 and -25 feet (NAVD88) at 
approximately Station 548+00 and is largely absent between Station 548+00 and 550+50. As 
such, the cutoff wall provides an adequate seepage barrier between Station 546+00 and 
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approximately 548+00, but north of Station 548+00 there is the potential for water to seep 
around/beneath the cutoff wall.  

Relief wells are considered necessary for this area assuming that the upper and lower 
aquifers are connected and act as a single aquifer north of Station 548+00, and that end 
around effects could affect the area between Station 546+00 and 548+00. 

Station 550+50 to 554+00  – The intermediate aquaclude layer separating the upper and 
lower aquifer layers is absent along the alignment of the cutoff wall and the landside levee 
toe. As such, the SB cutoff wall is hanging and does not provide a reliable seepage barrier. 

Relief wells are considered necessary for this area.  

Station 554+00 to 562+00  – The intermediate aquaclude layer separating the upper and 
lower aquifer layers along the alignment of the cutoff wall is 5 to 10 feet thick or greater and 
is continuous on the landside of the levee toe such that the SB cutoff wall provides a reliable 
seepage barrier.  

No relief wells are necessary in this area. However, an extra relief well north of 
Station 554+00 is recommended to address seepage end-around effects. 

Station 562+00 to 565+90  – The intermediate aquaclude layer separating the upper and 
lower aquifer layers along the alignment of the cutoff wall thins to 3 feet in places, but the 
additional CPT data supports the fact that the aquaclude is continuous on the landside of the 
levee toe such that the SB cutoff wall provides a reliable seepage barrier.  

No relief wells are necessary in this area. 

Station 565+90 to 568+55  – The intermediate aquaclude layer separating the upper and 
lower aquifer layers along the alignment of the cutoff is 5 feet thick or greater and is 
continuous on the landside of the levee toe such that the SB cutoff wall provides a reliable 
seepage barrier.  

No relief wells are necessary in this area. 

6.0 UPDATED RELIEF WELL DESIGN 

Analyses to refine the design of the relief well system in Reach 7 was performed based on 
the conclusion that relief wells are only needed in the area between Station 546+00 and 
554+00 (Refer to Section 5). 

Calculation of relief well spacing and discharge volume were performed in accordance with 
Design, Construction, and Maintenance of Relief Wells (EM 1110-2-1914) (USACE, 1992). 
Relief well spacing was calculated using an excel spreadsheet and was performed as an 
independent analysis separate from a SEEP/W seepage analysis. The relief well spacing 
was calculated assuming no benefit from the presence of the cutoff wall constructed in 2014. 
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Seepage analysis using SEEP/W was performed assuming fixed boundary conditions at the 
relief wells and an exit gradient of 0.5 at the mid-point between wells. The seepage analysis 
was performed to generate a steady state phreatic surface that was used to check landside 
slope stability. Refer to Section 10 for details. The Seep/W analysis was not used to 
determine relief well spacing. 

Based on the available geomorphic and subsurface data, the following aquifer layer and 
blanket thicknesses were assumed for the updated relief well design: 

�  Station 546+00 to 548+00 – Base of aquifer layer is at Elevation - 25 feet (NAVD88) and 
blanket thickness is 15 feet (aquifer thickness = 50 feet). 

�  Station 548+00 to 550+50 – Base of aquifer layer is at Elevation -60 feet (NAVD88) and 
blanket thickness is 15 feet (aquifer thickness = 90 feet) 

�  Station 550+50 to 554+00 – Base of aquifer layer is at Elevation -60 feet (NAVD88) and 
blanket thickness is 15 feet (aquifer thickness = 90 feet) 

For the purposes of relief well design, a minimum of 50% penetration of the aquifer layer was 
assumed. This represents a minimum relief well depth of 60 feet between Station 548+00 
and Station 554+00. Between Station 546+00 and 548+00, a 60 feet deep well would be 
approximately 95% to 100% penetrating. Therefore, for the purpose of design, calculations 
were performed for fully penetrating and partially penetrating conditions. 

The following assumptions were made for the updated relief well design: 

�  Relief wells were designed assuming a maximum allowable exit gradient of 0.5 
(equivalent factor of safety of 1.6) at the mid-point between relief wells for the 200 year 
+1 foot WSE. The exit gradient at the 200 year + 4 foot WSE was then calculated using 
the well spacing for the 200 year + 1 foot WSE to check that it met criteria. 

�  An external relief well diameter of 1.5 feet was assumed with a 6-inch diameter 
centralized well screen surrounded by filter material. 

�  A relief well discharge point 1 foot below the landside toe elevation was assumed 

�  Relief wells discharge into a maximum 3 feet deep collection ditch. 

�  A total blanket thickness of 15 feet was used based on the exploration data in this area, 
with a reduced blanket of 12 feet taking into consideration the 3 feet deep collection 
ditch. The reduced blanket thickness of 12 feet was used to calculate relief well spacing. 

�  An aquifer thickness of 50 feet was used for the fully penetrating relief well condition and 
a thickness of 90 feet was used for the partially penetrating condition. 

�  The distance to the seepage entrance point waterward of the levee was assumed to be 
zero due to the presence of waterside borrow pits adjacent to the levee that have 
removed the blanket layer. 

�  Partially penetrating relief wells were designed assuming no reduction in hydraulic head 
due to the presence of the SB cutoff wall and that the upper and lower aquifers were 
connected (i.e. the presence or partial presence of the aquaclude was ignored). 
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A calculation spreadsheet was developed using information presented in EM-1110-2-1914 
and used to determine the relief well spacing. Key input parameters in the spreadsheet 
include the head differential between the WSE on the waterside of the levee relative to the 
discharge outlet of the relief well on the landside (assumed to be 1 foot below the ground 
surface) and the reduced blanket thickness (total blanket thickness minus the depth of the 
collection ditch). The relief well spacing for an exit gradient of 0.5 at the midpoint between 
relief wells for the 200 year + 1 foot WSE is calculated as the first step. The exit gradient at 
the 200 year + 4 foot WSE is then calculated using the relief well spacing from the 200 year 
+ 1 foot WSE to check that it satisfies the allowable exit gradient criteria of 0.6. If the exit 
gradient at the 200 year +4 foot WSE exceeds 0.6 then the relief well spacing needs to be 
reduced so that criteria is met. For the conditions at Reach 7, the well spacing is governed 
by the 200 year + 1 foot WSE. Calculation spreadsheets for the partially penetrating well and 
fully penetrating well options are presented in Attachment D.  

For fully penetrating relief well conditions, a well spacing of 92 feet was calculated. For 
partially penetrating relief well conditions, the well spacing changes based on the depth of 
penetration of the relief well into the aquifer layer. Three different percentages of penetration 
were considered, namely 25 percent, 50 percent and 75 percent. This data was used to 
generate a plot of well spacing versus percent penetration of the aquifer (Attachment E). 
Discussions about the selection of relief well spacing for partially penetrating wells are 
presented in Section 9. 

7.0 END AROUND EFFECTS 

Based on the subsurface data, there is an abrupt change in subsurface conditions at around 
Station 554+00. To the north of Station 554+00, there is a persistent aquaclude layer at 
around elevation 0 feet (NAVD88) that provides an adequate key-in to provide a fully 
penetrating cutoff wall. To the south of Station 554+00, no such aquaclude layer is present at 
elevation 0 feet (NAVD88) and the cutoff wall is partially penetrating/hanging. As such, end 
around effects may be a concern at this transition point.  

To check if end around effects are a concern, a three dimensional plan view analysis was 
performed using SEEP/W and an assumed relief well spacing of 65 feet, per discussions in 
Section 9.0. Two cases were analyzed; one where the relief well system ended at 
Station 554+00 and another where an additional relief well was provided to the north at 
Station 554+65. In each case the plan view model was calibrated to generate an exit 
gradient of 0.5 at the mid-point between relief wells along the landside levee toe.  Analysis 
results are presented in Attachment F. 

The analysis results indicate a maximum total head of 48.3 at the landside levee toe for the 
case where the relief well system ends at Station 554+00. This is an increase of 0.3 feet 
compared to the total head at the mid-point between relief wells. For the case where an 
additional well has been included at Station 554+65 the maximum total head beyond the 
relief well system is 46.6 feet, which is a reduction of 1.4 feet compared to the total head at 
the mid-point between relief wells. However, the plan view analysis assumes fully 
penetrating relief well conditions and so over-estimates the reduction in head. As such, the 
actual increase in total head for the case where the partially penetrating relief well system 
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ends at Station 554+00 could be higher. Therefore, it is considered prudent to include an 
additional relief well to the north of Station 554+00. 

At the southern end of the proposed relief well system the cutoff wall is considered to provide 
an adequate seepage barrier between Station 546+00 and approximately 548+00, but north 
of Station 548+00 there is the potential for water to seep around/beneath the cutoff wall 
(refer to Section 5.0). Therefore, relief wells have been included between Station 546+00 
and 548+00 to deal with potential end around effects. To demonstrate that additional relief 
wells are not needed south of Station 546+00 a three dimensional plan view analysis was 
performed. A relief well spacing of 90 feet for the two, southernmost wells and 65 feet for the 
other wells was assumed (refer to Section 9.0 for discussion of proposed relief well spacing). 
For the purpose of the plan view model the cutoff wall gap was conservatively assumed to 
extend to the southernmost relief well at approximately Station 546+00.  

The plan view analysis results show an increase in total head of 0.5 feet compared to the 
total head at the mid-point between relief wells. Given that the two relief wells at southern 
end of the relief well system between Station 546+00 and 548+00 are fully penetrating, it is 
considered that the head south of Station 546+00 will not be higher than that indicated by the 
plan view model. As such, this slight increase in head will be offset by the fact that the 
blanket is thicker as there is no drainage ditch in this area. Furthermore, the 2014 cutoff wall 
is considered to be fully penetrating south of approximately Station 548+00 (refer to 
Section 5.0). Therefore, an additional relief well south of Station 546+00 is not considered 
necessary.  

8.0 RELIEF WELL COST COMPARISON 

To optimize the selection of relief well spacing for partially penetrating wells, costs estimates 
of relief well depth versus spacing were prepared by Wood Rogers. Relief well depths of 
60 feet, 70 feet and 80 feet were evaluated. The cost estimates considered initial installation 
costs, maintenance and operation costs over a 50 year period and replacement costs after 
50 years. Details are presented in Attachment G and summarized in Table 2. 

Table 2. Relief Well Cost Estimate Summary for Well s Between Station 548+00 and 
554+00 

Relief Well 
Depth (feet) 

Initial 
Installation 

Costs 

Operation 
and 

Maintenance 
Costs 

Replacement 
Cost 

Estimated 
Total 
Cost 1 

Estimated Cost 
With 

Contingency 2 

60 $64,700 $43,453 $37,823 $145,976 $175,171 

70 $74,400 $44,606 $43,494 $162,500 $195,000 

80 $84,100 $45,759 $49,164 $179,023 $214,828 

Notes: 
1). Estimated unit cost for a single relief well. 
2). Includes a contingency of 20% 

Using the unit cost estimates from Table 2, a total estimated cost for the relief well system 
was prepared for each relief well depth using the summary plot from Attachment E to 



 

 
Technical Memorandum 

  
   
 

 10 

estimate relief well spacing for a particular well depth/percent of penetration into the aquifer. 
See Table 3 for details. 

Table 3. Summary of Relief Well Spacing and Costs f or Partially Penetrating Relief Wells 
Between Station 548+00 and 554+00 

Relief Well Depth 
(feet) 

Percent 
Penetrating 1 

Estimated Relief 
Well Spacing 2 (feet) 

Assumed Number 
of Relief Wells 3 

Estimated 
Cost ($M) 4 

60 50 55 (55) 13 2.28 

70 61 65 (65) 11 2.15 

80 72 77 (75) 10 2.15 

Notes: 
1). Assumes a blanket thickness of 15 feet and an aquifer thickness of 90 feet. Therefore, percentage penetration into the 

aquifer = (well depth – 15)/90 x100% 
2). The number not in parenthesis represents the relief well spacing from the plot presented in Appendix E. The number in 

parenthesis represents the spacing assumed for cost estimating purposes. 
3). An additional relief well was assumed to the north of Station 554+00 to address potential end around effects. 
4). Estimated cost includes operation, maintenance and replacement costs over a 50 year period. 

 
9.0 PROPOSED RELIEF WELL SPACING 

Based on the information presented in Table 3, the overall estimated cost for installation and 
maintenance of partially penetrating relief wells is slightly more expensive for the shallower 
60 feet deep wells compared to depths of 70 and 80 feet. In differentiating between the 
70 foot and 80 foot deep relief wells, a closer spacing provides more redundancy in the relief 
well system in case there are future maintenance issues. As such, it is proposed that 70 foot 
deep relief wells at a spacing of 65 feet be used for the partially penetrating wells in the area 
of the deeper aquifer (Station 548+00 to 554+00).  

Between Station 546+00 and 548+00, the depth to the base of the aquifer is approximately 
45 to 65 feet respectively, and fully penetrating relief wells at a spacing of 90 feet are 
recommended based on a calculated well spacing of 92 feet. Assuming an additional 5 feet 
depth for adequate penetration into the aquaclude layer, the estimated total depth for fully 
penetrating relief wells is between 50 and 70 feet deep depending on location. 

Based on the above, a total of 13 relief wells are proposed for Reach 7 per the details 
presented in Table 4. 

Table 4. Recommended Relief Well Spacing for Reach 7 

Station Location  Relief Well Spacing (feet)  Number  

546+35 to 548+15 90 2 

548+15 to 554+65 65 11 

 
10.0 LANDSIDE SLOPE STABILITY 

In order to check that landside slope stability meets criteria for the recommended relief well 
spacing, seepage analyses were run using SEEP/W to generate steady state phreatic 
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profiles and porewater pressures for input to the slope stability model. Fixed head boundary 
conditions were used at the mid-point between the relief wells to back-analyze the phreatic 
surface needed to generate an exit gradient of 0.5 for the 200-year + 1 foot WSE (assumed) 
and 0.56 for the 200-year + 4 foot WSE (back calculated). Using these results, the SLOPE/W 
analyses at the 200 year + 1 foot WSE resulted in a slope stability factor of safety of 1.47, 
and the 200 year + 4 feet WSE resulted in a slope stability factor of safety of 1.37. These 
factors of safety meet slope stability criteria. 

Seepage and stability results are presented in Attachments H and I respectively. 

11.0 RECOMMENDED CHANGES TO THE RELIEF WELL SYSTEM IN 
REACH 7 

Based on the information presented in this Technical Memorandum, it is recommended that 
the number of relief wells originally proposed as part of the Relief Well Design for Reach 7 
Technical Memorandum (URS, 2013) be reduced from 28 to 13. This reduction is largely due 
to the presence of an intermediate aquaclude that the Design Team was able to document 
using as-built records from cutoff wall installation during 2014 construction and through 
additional field investigation performed in 2015. These records show that the cutoff wall north 
of approximately Station 554+00 and south of Station 546+00 was fully penetrating and did 
not require relief wells. A schematic showing the changed layout out of relief wells is 
presented in Attachment J. The location of the relief wells and rationale for selection for the 
updated relief well design are presented in Table 5.  

Table 5. Relief Well Location and Rationale 

Station  Spacing 
(Feet) 

Estimated  
Total Depth 

of Well 
(Feet) 

Comment  

554+65 65 40 Overlapping relief well north of Station 554+00 to address potential 
end-around-effects 

554+00 65 70 Well at northern limit of 350-foot hanging wall gap 

553+35 65 70 Wells in 350-foot hanging wall gap 
 

552+70 65 70 

552+05 65 70 

551+40 65 70 

550+75 65 70 

550+10 65 70 Well past southern edge of 350-foot hanging wall gap 

549+45 65 70 Wells in area where upper and lower aquifers are assumed to be 
connected landward of the SB cutoff wall. Assumed aquifer thickness 
of 90 feet. 548+80 65 70 

548+15 65 70 

547+25 90 70 Wells in area where upper and lower aquifers are assumed to be 
connected landward of the SB cutoff wall.  

546+35 90 50 
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Details of the estimated length of well screen are provided in Table 6. 
 
Table 6. Relief Well Details 

Station  Estimated Depth 
From Ground 

Surface to 
Bottom of 

Blanket (Feet) 1 

Estimated Depth 
From Ground 

Surface to Base 
of Aquifer 

(Feet)1 

Estimated 
Length of Well 

Screen 
(Feet)2 

554+65 15 40 22 

554+00 15 NA3 52 

553+35 15 NA3 52 

552+70 15 NA3 52 

552+05 15 NA3 52 

551+40 15 NA3 52 

550+75 15 NA3 52 

550+10 15 NA3 52 

549+45 15 NA3 52 

548+80 15 NA3 52 

548+15 15 NA3 52 

547+25 15 70 52 

546+35 15 50 32 

  Total = 626 

Notes: 1). Actual thickness of blanket and depth to the base of the upper aquifer layer shall be confirmed in 
the field by continuous logging of soil samples. Start of aquaclude layer beneath the aquifer shall be 
confirmed for a minimum thickness of 3 feet. 2). Assumes that the well screen starts 2 feet below the bottom 
of the blanket layer and ends 1 foot above the bottom of the aquifer/base of the drill hole. 3). Indicates relief 
wells that are partially penetrating to an assumed total depth of 70 feet. 

In addition to a reduction in the total number of relief wells to be installed in Reach 7, it is 
recommended that changes be made to the relief well collection system. Previously an open 
concrete ditch was planned from the existing USACE pump station at approximately 
Station 513+00 and the end of the relief well system at Station 568+00. It is now 
recommended that the open ditch be limited to the area of proposed relief wells between 
Station 546+00 and 554+65 and that to the south of Station 546+00, discharge from relief 
wells be conveyed in a subsurface pipe system. 

12.0 GRADATION OF FILTER PACK 

Based on EM 1110-2-1914, Design, Construction, and Maintenance of Relief Wells (USACE, 
1992), the National Engineering Handbook, Gradation Design of Sand and Gravel Filters 
(NRCS, 1994), and available gradation data for aquifer materials from the proposed relief 
well area, acceptable filter range limits were calculated and are presented graphically in 
Attachment K and summarized in Table 7. This data should be used for selecting appropriate 
filter material for the annulus around the well casing. 
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Table 7. Recommended Gradation Range based on National Eng ineering Handbook (NRCS, 1994)  

Nominal Sieve Size  Acceptable Values based on National Engineering Han dbook 
Calculations (%) 

US mm Minimum Percent Passing (%)  Maximum Percent Passing (%)  

3/8" 9.5 100 100 

No. 4 4.75 90 100 

No. 8 2.36 60 100 

No.16 1.18 30 100 

No.20 0.850 15 60 

No.30 0.600 0 15 

No.40 0.425 0 0 

Based on the above, a CEMEX #1/C Lapis Sand, out of Cemex’s Lapis Lustre Plant, Marina, 
CA, would provide a suitable filter pack for the subsurface materials encountered at the 
Reach 7 (Attachment K). In accordance with Section 6-6 of EM 1110-2-1914, the slot width 
of the well screen should be equal to or less than 50 percent size of the finest gradation of 
the filter. Other reference documents recommend the slot width of the well screen should be 
sized to retain 90 percent or more of the filter pack. For CEMEX Lapis #1/C Sand, the 
90 percent size of the finest gradation is approximately 0.02 inches (0.5 mm). 

The open area of the well screen should be sufficiently large to maintain an entrance velocity 
of less than 0.1 feet per second at the design flow. The entrance velocity is equal to the 
design discharge of the well divided by the open area of the well screen. Based on the relief 
well calculation spreadsheet, a maximum discharge of approximately 30 gallons per minute 
(gpm) per well is estimated for the 200 year +1 foot WSE. This equates to 0.58 gpm per foot 
of screen assuming 52 feet of screen (Table 6) or 0.08 cubic feet per minute per foot of well 
screen.  

Assuming a 6 inch diameter well screen with a 20 slot opening size, the open area based on 
Table 6-1 of EM 1110-2-1914 is 53 square inches per foot of screen or 0.37 square feet per 
foot of screen. Therefore, the estimated entrance velocity would equal 0.08 cubic feet per 
minute divided by 0.37 square feet = 0.22 feet per minute or 0.004 feet per sec. This is less 
than the recommended entrance velocity of 0.1 feet per second and so meets criteria. 

Given such a low calculated entrance velocity for a 6 inch diameter well screen with a 20 slot 
opening size, it is possible that the diameter of the well screen can be reduced, however, 
taking into consideration the need for future maintenance and the uncertainty of how the 
yield of the well will deteriorate over time, a minimum well screen diameter of 6 inches is 
recommended. 
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13.0 CONSTRUCTION CONSIDERATIONS 

Design recommendations are based on information from existing explorations. Given the 
potential variability of the materials at the relief well locations, URS recommends the 
following be included in the specifications:  

�  Relief wells should be installed using drilling techniques that allow continuous sampling 
so that the subsurface stratigraphy, including gradation of aquifer materials, depth to the 
base of the blanket and to the top of the aquaclude layer, can be confirmed. Borings for 
relief wells shall be logged by the contractor and a representative from URS to confirm 
the nature of subsurface materials and set well screen depths. For fully penetrating wells 
at Station 547+25 and 546+35 the proposed depth of relief wells may need to be 
adjusted to reach the base of the aquifer. Fully penetrating well depths presented in 
Table 6 may need to be adjusted based on conditions encountered during installation. 

�  Relief wells are to be 18 inches in diameter with a 6 inch well screen/riser pipe. 

�  Based on information presented in Attachment K, CEMEX #1/C Lapis Sand is suitable 
for use as the filter pack material and a 6 inch diameter well screen with a 20-Slot 
opening size is appropriate for the riser pipe. Should the contractor choose to use a 
different material for the filter pack, the slot size of the riser pipe should be selected to 
retain 90% or more of the filter pack.  

�  The top of the screened section of well casing shall start 2 feet below the base of the 
blanket layer. The length of the screened well casing and graded filter zone shall be 
adjusted to match the thickness of the aquifer layer encountered in the field, and may 
differ from the thicknesses presented in Table 6. 

�  A pressure relief valve system should be installed in the relief well collector ditch at mid-
points between relief wells. 
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14.0 LIMITATIONS 

This technical memorandum was prepared in accordance with the standard of care 
commonly used as the state-of-practice in the engineering profession. Standard of care is 
defined as the ordinary diligence exercised by fellow practitioners in this area performing the 
same services under similar circumstances during the same period. 

The limitations section of the Final GDRR for Segments 1 through 6, dated October 2012 
also applies in full to this memorandum. 
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NOTES:
1.   Elevations of levee crown and landside toe are approximate. 
      These elevations were obtained from DWR CVFED or ULE
      LiDAR data and used for geotechnical analyses and report
      purpose only. For detail crown elevation and landside toe
      information, please refer to the FRWL Project civil drawings. 
2.   The water surface elevations are based on information provided
      by Peterson Brustad, Inc. in their July 26, 2012 report entitled
      “Design Water Surface Profiles for the Feather River West
      Levee Rehabilitation Project Addendum #1".
3.   Locations of explorations are approximate. Stick logs represent
      general soil conditions encountered at the time of exploration.
      For more detailed information on the materials encountered,
      refer to boring and CPT logs in the Geotechnical Data Report
      for the FRWL Project. No warranty is provided regarding the
      continuity of soil conditions between individual explorations.
4.   When reported, N60(ASTM), refers to N60(ASTM) = Nfield * Hammer 
      Efficiency (%). See Geotechnical Data Report for the FRWL
      Project for hammer efficiency data for individual borings. 
5.   These drawings do not include all historical explorations on the
      profile view. Historical explorations from the DWR ULE project
      are shown; “other” historical explorations are identified by an
      asterisk (*) in the exploration ID.  For these “other” historical
      borings, blow counts are field blow counts (Nf) and USCS
      classifications are visual classifications. 
6.   USCS classification labels are not presented on the stick logs
      for soil lenses (thickness less than 1.5 feet).
7.   This is a color figure. Black and white reproduction should not
      be relied upon as data will be lost.
8.   To prevent scale distortion, this map should be printed on a “D”
      size sheet (22x34 inches).
9.   Surficial geology was mapped at 1:20,000 scale. (Source:
      SGDR for DWR ULE Project, URS,2010).
10. The information provided in these plans and stick-log plates has
      been compiled from a variety of sources. URS does not attest to
      the accuracy, completeness, or reliability of geotechnical
      exploration and other subsurface data by others that are
      included or referenced in these plates.
11. These plans and stick-log plates are for the use and benefit of
      HDR, SBFCA, and their consultants in connection with the
      execution of the FRWL Project. Use by any other party is at
      their own discretion and risk. These figures should not to be
      used as the sole basis for design, construction, remedial action,
      or major capital spending decisions.
12. The canal/ditch elevations are approximate.  These elevations
      were estimated from the topography.
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FRWL Project Plan Views and Stick Log Figures
FRWL Project: Station 510+00 to Station 560+00

Sutter Butte Flood Control Agency
FEATHER RIVER WEST LEVEE PROJECT

Service Layer Credits: Sources: Esri, DeLorme, NAVTEQ, TomTom, Intermap, increment P
Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey,
Esri Japan, METI, Esri China (Hong Kong), swisstopo, and the GIS User Community
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NOTES:
1.   Elevations of levee crown and landside toe are approximate. 
      These elevations were obtained from DWR CVFED or ULE
      LiDAR data and used for geotechnical analyses and report
      purpose only. For detail crown elevation and landside toe
      information, please refer to the FRWL Project civil drawings. 
2.   The water surface elevations are based on information provided
      by Peterson Brustad, Inc. in their July 26, 2012 report entitled
      “Design Water Surface Profiles for the Feather River West
      Levee Rehabilitation Project Addendum #1".
3.   Locations of explorations are approximate. Stick logs represent
      general soil conditions encountered at the time of exploration.
      For more detailed information on the materials encountered,
      refer to boring and CPT logs in the Geotechnical Data Report
      for the FRWL Project. No warranty is provided regarding the
      continuity of soil conditions between individual explorations.
4.   When reported, N60(ASTM), refers to N60(ASTM) = Nfield * Hammer 
      Efficiency (%). See Geotechnical Data Report for the FRWL
      Project for hammer efficiency data for individual borings. 
5.   These drawings do not include all historical explorations on the
      profile view. Historical explorations from the DWR ULE project
      are shown; “other” historical explorations are identified by an
      asterisk (*) in the exploration ID.  For these “other” historical
      borings, blow counts are field blow counts (Nf) and USCS
      classifications are visual classifications. 
6.   USCS classification labels are not presented on the stick logs
      for soil lenses (thickness less than 1.5 feet).
7.   This is a color figure. Black and white reproduction should not
      be relied upon as data will be lost.
8.   To prevent scale distortion, this map should be printed on a “D”
      size sheet (22x34 inches).
9.   Surficial geology was mapped at 1:20,000 scale. (Source:
      SGDR for DWR ULE Project, URS,2010).
10. The information provided in these plans and stick-log plates has
      been compiled from a variety of sources. URS does not attest to
      the accuracy, completeness, or reliability of geotechnical
      exploration and other subsurface data by others that are
      included or referenced in these plates.
11. These plans and stick-log plates are for the use and benefit of
      HDR, SBFCA, and their consultants in connection with the
      execution of the FRWL Project. Use by any other party is at
      their own discretion and risk. These figures should not to be
      used as the sole basis for design, construction, remedial action,
      or major capital spending decisions.
12. The canal/ditch elevations are approximate.  These elevations
      were estimated from the topography.
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FRWL Project Plan Views and Stick Log Figures
FRWL Project: Station 510+00 to Station 560+00

Sutter Butte Flood Control Agency
FEATHER RIVER WEST LEVEE PROJECT

Service Layer Credits: Sources: Esri, DeLorme, NAVTEQ, TomTom, Intermap, increment P
Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey,
Esri Japan, METI, Esri China (Hong Kong), swisstopo, and the GIS User Community
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NOTES:
1.   Elevations of levee crown and landside toe are approximate. 
      These elevations were obtained from DWR CVFED or ULE
      LiDAR data and used for geotechnical analyses and report
      purpose only. For detail crown elevation and landside toe
      information, please refer to the FRWL Project civil drawings. 
2.   The water surface elevations are based on information provided
      by Peterson Brustad, Inc. in their July 26, 2012 report entitled
      “Design Water Surface Profiles for the Feather River West
      Levee Rehabilitation Project Addendum #1".
3.   Locations of explorations are approximate. Stick logs represent
      general soil conditions encountered at the time of exploration.
      For more detailed information on the materials encountered,
      refer to boring and CPT logs in the Geotechnical Data Report
      for the FRWL Project. No warranty is provided regarding the
      continuity of soil conditions between individual explorations.
4.   When reported, N60(ASTM), refers to N60(ASTM) = Nfield * Hammer 
      Efficiency (%). See Geotechnical Data Report for the FRWL
      Project for hammer efficiency data for individual borings. 
5.   These drawings do not include all historical explorations on the
      profile view. Historical explorations from the DWR ULE project
      are shown; “other” historical explorations are identified by an
      asterisk (*) in the exploration ID.  For these “other” historical
      borings, blow counts are field blow counts (Nf) and USCS
      classifications are visual classifications. 
6.   USCS classification labels are not presented on the stick logs
      for soil lenses (thickness less than 1.5 feet).
7.   This is a color figure. Black and white reproduction should not
      be relied upon as data will be lost.
8.   To prevent scale distortion, this map should be printed on a “D”
      size sheet (22x34 inches).
9.   Surficial geology was mapped at 1:20,000 scale. (Source:
      SGDR for DWR ULE Project, URS,2010).
10. The information provided in these plans and stick-log plates has
      been compiled from a variety of sources. URS does not attest to
      the accuracy, completeness, or reliability of geotechnical
      exploration and other subsurface data by others that are
      included or referenced in these plates.
11. These plans and stick-log plates are for the use and benefit of
      HDR, SBFCA, and their consultants in connection with the
      execution of the FRWL Project. Use by any other party is at
      their own discretion and risk. These figures should not to be
      used as the sole basis for design, construction, remedial action,
      or major capital spending decisions.
12. The canal/ditch elevations are approximate.  These elevations
      were estimated from the topography.
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FRWL Project Plan Views and Stick Log Figures
FRWL Project: Station 560+00 to Station 610+00

Sutter Butte Flood Control Agency
FEATHER RIVER WEST LEVEE PROJECT

Service Layer Credits: Sources: Esri, DeLorme, NAVTEQ, TomTom, Intermap, increment P
Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey,
Esri Japan, METI, Esri China (Hong Kong), swisstopo, and the GIS User Community
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ATTACHMENT C 
 
Longitudinal Profile Based on Post-2014 
Cutoff Wall Construction Data 
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NOTES:
1.   Elevations of levee crown and landside toe are approximate. 
      These elevations were obtained from DWR CVFED or ULE
      LiDAR data and used for geotechnical analyses and report
      purpose only. For detail crown elevation and landside toe
      information, please refer to the FRWL Project civil drawings. 
2.   The water surface elevations are based on information provided
      by Peterson Brustad, Inc. in their July 26, 2012 report entitled
      “Design Water Surface Profiles for the Feather River West
      Levee Rehabilitation Project Addendum #1".
3.   Locations of explorations are approximate. Stick logs represent
      general soil conditions encountered at the time of exploration.
      For more detailed information on the materials encountered,
      refer to boring and CPT logs in the Geotechnical Data Report
      for the FRWL Project. No warranty is provided regarding the
      continuity of soil conditions between individual explorations.
4.   When reported, N60(ASTM), refers to N60(ASTM) = Nfield * Hammer 
      Efficiency (%). See Geotechnical Data Report for the FRWL
      Project for hammer efficiency data for individual borings. 
5.   These drawings do not include all historical explorations on the
      profile view. Historical explorations from the DWR ULE project
      are shown; “other” historical explorations are identified by an
      asterisk (*) in the exploration ID.  For these “other” historical
      borings, blow counts are field blow counts (Nf) and USCS
      classifications are visual classifications. 
6.   USCS classification labels are not presented on the stick logs
      for soil lenses (thickness less than 1.5 feet).
7.   This is a color figure. Black and white reproduction should not
      be relied upon as data will be lost.
8.   To prevent scale distortion, this map should be printed on a “D”
      size sheet (22x34 inches).
9.   Surficial geology was mapped at 1:20,000 scale. (Source:
      SGDR for DWR ULE Project, URS,2010).
10. The information provided in these plans and stick-log plates has
      been compiled from a variety of sources. URS does not attest to
      the accuracy, completeness, or reliability of geotechnical
      exploration and other subsurface data by others that are
      included or referenced in these plates.
11. These plans and stick-log plates are for the use and benefit of
      HDR, SBFCA, and their consultants in connection with the
      execution of the FRWL Project. Use by any other party is at
      their own discretion and risk. These figures should not to be
      used as the sole basis for design, construction, remedial action,
      or major capital spending decisions.
12. The canal/ditch elevations are approximate.  These elevations
      were estimated from the topography.
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FRWL Project Plan Views and Stick Log Figures
FRWL Project: Station 540+00 to Station 565+00

Sutter Butte Flood Control Agency
FEATHER RIVER WEST LEVEE PROJECT

Service Layer Credits: Sources: Esri, HERE, DeLorme, Intermap, increment P Corp., GEBCO,
USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI,
Esri China (Hong Kong), swisstopo, MapmyIndia, © OpenStreetMap contributors, and the GIS
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Relief Well Calculation Spreadsheets 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
 



RELIEF WELL ANALYSIS SHEET 1/3

Date: 

Date: 

Enter Value
Calculated Value

ASSUMPTIONS: Recommended Value
1) Fully penetrating relief well system
2) Infinite Line of wells
3) Impervious top stratum (fine grained blanket) extends to a great distance landward
4) Applicable for underseepage pressure relief only
5) Analysis is applicable for relief well outlet below ground surface or at the ground surface

Levee and River Dimensions

67.7 ft.

Top of levee elevation, ELlevee crest = 70.0 ft.
Elevation 

Datum
NAVD88

45.0 ft. Flood Stage Flood Level

45.0 ft. 200 yr + 1 ft 67.7

20.0 ft.

90.0 ft.

80.0 ft.

0 ft.

190 ft.

22.7 ft.

Estimation of Landside Transformed Thickness for Up lift Pressure

Note: Identify appropriate case (I/II/III) based on Figure B-2 of Manual EM 1110-2-1913.  This workbook is applicable for maximum 5 layers. Do not cut and paste data entry.

Determination of Transformed Thickness for Seepage and Substratum Pressure Computations

Determination of Transformed Blanket Thickness for Uplift 

Case (I/II/III)

La
ye

r

Strata
Actual Thickness, 

zn (ft)
Vertical Permeability, 

Kn (ft/day)

Permeability 
of Least 

Permeable 
Layer, Kb 

(ft/day)

Least 
Permeable 

Layers

Check 
Case

Ft = Kb/Kn

Transformed 
Thickness, ztn 

(ft)

Total 
Transformed 
Thickness, zt 

(ft)

- - -
- - -
- - -
- - -
- - -

1 CL 15.0 7.1E-03 X 1.00 15.0
- - -
- - -
- - -
- - -

- - -
- - -
- - -
- - -
- - -

15.0 ft. Input to left AGREES w/ table above
15.0 ft.

Case II: Least permeable layer at bottom (Transform ed 
thickness of blanket = actual total thickness of bl anket)

Case III: Least permeable layer at middle (Transfor med 
thickness of blanket = actual thickness of least pe rmeable 
layer and all layers above it + transformed thickne ss of 
underlying layers)

Transformed thickness of landside top stratum for uplift, zt = 

III

Actual Thickness of Blanket = 

Case I: Least permeable layer at top (Transformed t hickness 
of blanket = actual top layer thickness + transform ed 
thickness of underlying layers)N/A

CASE I 15.0

N/A

-

--

Waterside Toe Elevation, Elwaterside toe =

Base width of Levee, L2, Lriverside slope+Lcrest+ Llandside slope= 

Net head of levee,  H = ELdesign water - ELlandside GS

II

-

0.0071

I

Reference: USACE 1992 . Design, Construction, and Maintenance of Relief W ells.  EM 1110-2-1914

URS Project No.: 

Project Name: 

1/6/2016

Check By: 

17326868

SBFCA FRWL

GT Hong

7

FRWL

Calculation By: 

Reach:

1/21/2016

Width of riverside slope of levee, Lriverside slope =

Landside Toe Elevation, ELlandside toe =

Study Area: 

Station: 

Distance from River to Riverside Levee Toe, L1 =

Width of landside slope of levee, Llandside slope =

Reference Boring/CPT

Design flood elevation, ELdesign water =

Levee crest width, Lcrest =

M. Ermakovich

SBCFA 548+00

SL0001_061C

548+00 Fully_Trench 3 ft and Discharge 1 ft.xlsx



Estimation of Relief Well Spacing, Size, and Flow SHEET 2/3

Note: See Section 7-5 (infinite line of wells, impervious top stratum) for description of the following step by step procedure

Step a:  Computation of Allowable Head, ha, Under t he Landside Blanket Layer
Transformed Thickness, Zt  (ft.)= 15

Depth to Bottom of Collector Ditch, hditch (feet) 3

Depth to Discharge of Riser Pipe (feet)= 1 *
Saturated Unit Weight of Blanket Layer, gt (pcf) 112.5

Critical Gradient, ic = 0.80 Equation 3-1 (Note: equation as given in USACE EM 1110-2-1914) (gw =62.4 pcf)

Factor of safety against uplift = 1.6

6.0 Equation 3-3 (Note: equations as given in USACE EM 1110-2-1914)

Step B: Assume the Net Head Midway Between Wells (H m) Equal to ha and Well Loss, Hw = 0
Assume Net Head Midway Between Wells, Hm (feet) = 6.0

Assume Well Loss, Hw (feet) = 0

Step c: For a Given Well Penetration, W,  Compute H m. Change 'a' until Hm = ha from Step 1
Design WSE Elevation (ft.)= 67.7
Elevation of Landside Toe (ft.) 45.0
Elevation of Bottom of Aquifer (ft.) = -25.0

92.7  

69.0 *

190 Note: Assume Levee Embankment Base Width in Absence of Waterside Blanket

Well Spacing for First Iteration, a (ft.) 102
0.75

Extra Length or Average Uplift Factor, Qa = 0.49 Equation 5-18

Midwell Uplift Factor, Qm = 0.60 Equation 5-19

6.0 Equation 5-14

Step d: Calculate Well Flow, Q, for the Spacing and  Penetration From Step c

55.0 *
11.3

6262.3 ft3/day Equation 5-17
0.072480 ft3/sec.

32.53 gpm 32.529

Step e: Assume the well dimensions and calculate th e well losses, Hw, corresponding to Qw
Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.0001 Equation on Figure 6-3 with C=100 Move row 157 to above row 156
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00003 Equation 6-3

Total head loss, Hw = 0.60 Equation 6-2

Horizontal Hydraulic Conductivity of the Aquifer, kH  (ft./day)=
Thickness of pervious layer, D =

Well Flow, Q =

Allowable Head Under the Landside Blanket Layer, ha  (ft.)=

Note: Effective well radius = outside radius of well screen + thickness of filter

Distance to the Effective Source of Seepage Entry, S (ft.) =

Net Head Midway Between Wells, Hm =

Hint: Change 'a' value until Hm = ha

Well Radius, rw  (ft.) =

Height of Design WSE Above Bottom of Aquifer, H1 (ft.) =

Head at Well, (difference between discharge point  and Bottom of Aquifer), hw (ft.) =

Figure 5-5 of EM 1110-2-1914: Infinite Line of Well s  Parallel to Infinite Line of Source - Impervious Top Startum 

548+00 Fully_Trench 3 ft and Discharge 1 ft.xlsx



Step f: Repeat Step C using hm = Hm - Hw in place o f Hm, and determine a new value of a. SHEET 3/3
5.4

Well Spacing, "a" for Revised, hm (ft.) = 90 Iteration no. 1 Equation 5-14 rearranged to solve for a
0.47 Equation 5-18
0.58 Equation 5-19

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

5686 ft3/day Equation 5-17
0.07 ft3/sec.
29.53 gpm 29.5331

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00002

Total head loss, Hw = 0.60

5.4

Well Spacing, "a" for Revised, hm (ft.) = 92.6 Iteration no. 2 Results
0.47
0.58

5830 ft3/day
0.07 ft3/sec.
30.28 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00002

Total head loss, Hw = 0.60

5.4

Well Spacing, "a" for Revised, hm (ft.) = 91.8 Iteration no. 3
0.47
0.58

5793 ft3/day
0.07 ft3/sec.
30.1 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00002

Total head loss, Hw = 0.60

5.4

Well Spacing, "a" for Revised, hm (ft.) = 92.0 Iteration no. 4
0.47
0.58

5802 ft3/day
0.07 ft3/sec.
30.1 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00002

Total head loss, Hw = 0.60

5.4

Well Spacing, "a" for Revised, hm (ft.) = 92.0 Iteration no. 5
0.47
0.58

SUMMARY OF RELIEF WELL DESIGN COMPUTATION FOR FULLY  PENETRATING WELL:

DESIGN WELL SPACING (FT.)= 92
DIAMETER OF WELL BOREHOLE (FT.) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 30.1
ESTIMATED LENGTH OF RELIEF WELL (FT.) = 70.0
ESTIMATED SCREEN LENGTH (FT.) = 55.0

Midwell Uplift Factor, Qm =

Midwell Uplift Factor, Qm =

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

hm (ft.) =

Extra Length or Average Uplift Factor, Qa =

Well Flow, Q =

hm (ft.) =

hm (ft.) =

hm (ft.) =

Well Flow, Q =

Well Flow, Q =

Extra Length or Average Uplift Factor, Qa =

Well Flow, Q =

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

hm (ft.) =

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

548+00 Fully_Trench 3 ft and Discharge 1 ft.xlsx



RELIEF WELL ANALYSIS SHEET 1/3

Date: 

Date: 

Enter Value
Calculated Value

ASSUMPTIONS: Recommended Value
1) Fully penetrating relief well system
2) Infinite Line of wells
3) Impervious top stratum (fine grained blanket) extends to a great distance landward
4) Applicable for underseepage pressure relief only
5) Analysis is applicable for relief well outlet below ground surface or at the ground surface

Levee and River Dimensions

70.7 ft.

Top of levee elevation, ELlevee crest = 70.0 ft.
Elevation 

Datum
NAVD88

45.0 ft. Flood Stage Flood Level

45.0 ft. 200 yr + 4 ft 70.7

20.0 ft.

90.0 ft.

80.0 ft.

0 ft.

190 ft.

25.7 ft.

Estimation of Landside Transformed Thickness for Up lift Pressure

Note: Identify appropriate case (I/II/III) based on Figure B-2 of Manual EM 1110-2-1913.  This workbook is applicable for maximum 5 layers. Do not cut and paste data entry.

Determination of Transformed Thickness for Seepage and Substratum Pressure Computations

Determination of Transformed Blanket Thickness for Uplift 

Case (I/II/III)

La
ye

r

Strata
Actual Thickness, 

zn (ft)
Vertical Permeability, 

Kn (ft/day)

Permeability 
of Least 

Permeable 
Layer, Kb 

(ft/day)

Least 
Permeable 

Layers

Check 
Case

Ft = Kb/Kn

Transformed 
Thickness, ztn 

(ft)

Total 
Transformed 
Thickness, zt 

(ft)

- - -
- - -
- - -
- - -
- - -

1 CL 15.0 7.1E-03 X 1.00 15.0
- - -
- - -
- - -
- - -

- - -
- - -
- - -
- - -
- - -

15.0 ft. Input to left AGREES w/ table above
15.0 ft.Actual Thickness of Blanket = 

Case III: Least permeable layer at middle (Transfor med 
thickness of blanket = actual thickness of least pe rmeable 
layer and all layers above it + transformed thickne ss of 
underlying layers)

III - - N/A

Transformed thickness of landside top stratum for uplift, zt = 

I - - N/A

Case I: Least permeable layer at top (Transformed t hickness 
of blanket = actual top layer thickness + transform ed 
thickness of underlying layers)

Case II: Least permeable layer at bottom (Transform ed 
thickness of blanket = actual total thickness of bl anket)

II 0.0071 CASE I 15.0

Net head of levee,  H = ELdesign water - ELlandside GS

Reach: 7

Design flood elevation, ELdesign water =

Landside Toe Elevation, ELlandside toe =

Waterside Toe Elevation, Elwaterside toe =

Levee crest width, Lcrest =

Width of riverside slope of levee, Lriverside slope =

Width of landside slope of levee, Llandside slope =

Distance from River to Riverside Levee Toe, L1 =

Base width of Levee, L2, Lriverside slope+Lcrest+ Llandside slope= 

Study Area: FRWL

Station: SBCFA 548+00

Reference Boring/CPT SL0001_061C

Calculation By: GT Hong 1/6/2016

Check By: M. Ermakovich 1/21/2016

Reference: USACE 1992 . Design, Construction, and Maintenance of Relief W ells.  EM 1110-2-1914

URS Project No.: 17326868

Project Name: SBFCA FRWL

548+00 Fully_Trench 3 ft and Discharge 1 ft.xlsx



Estimation of Relief Well Spacing, Size, and Flow SHEET 2/3

Note: See Section 7-5 (infinite line of wells, impervious top stratum) for description of the following step by step procedure

Step a:  Computation of Allowable Head, ha, Under t he Landside Blanket Layer
Transformed Thickness, Zt  (ft.)= 15

Depth to Bottom of Collector Ditch, hditch (feet) 3

Depth to Discharge of Riser Pipe (feet)= 1 *
Saturated Unit Weight of Blanket Layer, gt (pcf) 112.5

Critical Gradient, ic = 0.80 Equation 3-1 (Note: equation as given in USACE EM 1110-2-1914) (gw =62.4 pcf)

Factor of safety against uplift = 1.43 Back-cacluated Exit Gradient for 92 Feet Well Spaci ng Condition Is 0.56 (=0.8/1.43) 

6.74 Equation 3-3 (Note: equations as given in USACE EM 1110-2-1914)

Step B: Assume the Net Head Midway Between Wells (H m) Equal to ha and Well Loss, Hw = 0
Assume Net Head Midway Between Wells, Hm (feet) = 6.74

Assume Well Loss, Hw (feet) = 0

Step c: For a Given Well Penetration, W,  Compute H m. Change 'a' until Hm = ha from Step 1
Design WSE Elevation (ft.)= 70.7
Elevation of Landside Toe (ft.) 45.0
Elevation of Bottom of Aquifer (ft.) = -25.0

95.7  

69.0 *

190 Note: Assume Levee Embankment Base Width in Absence of Waterside Blanket

Well Spacing for First Iteration, a (ft.) 101
0.75

Extra Length or Average Uplift Factor, Qa = 0.49 Equation 5-18

Midwell Uplift Factor, Qm = 0.60 Equation 5-19

6.74 Equation 5-14

Step d: Calculate Well Flow, Q, for the Spacing and  Penetration From Step c

55.0 *
11.3

7004.7 ft3/day Equation 5-17
0.081073 ft3/sec.

36.39 gpm 36.3856

Step e: Assume the well dimensions and calculate th e well losses, Hw, corresponding to Qw
Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.0001 Equation on Figure 6-3 with C=100 Move row 157 to above row 156
Velocity of water through riser pipe, v (ft./sec.) = 0.05
Velocity head loss, Hv = 0.00003 Equation 6-3

Total head loss, Hw = 0.60 Equation 6-2

Well Flow, Q =

Horizontal Hydraulic Conductivity of the Aquifer, kH  (ft./day)=

Allowable Head Under the Landside Blanket Layer, ha  (ft.)=

Height of Design WSE Above Bottom of Aquifer, H1 (ft.) =

Head at Well, (difference between discharge point  and Bottom of Aquifer), hw (ft.) =

Distance to the Effective Source of Seepage Entry, S (ft.) =

Well Radius, rw  (ft.) = Note: Effective well radius = outside radius of well screen + thickness of filter

Hint: Change 'a' value until Hm = ha

Net Head Midway Between Wells, Hm =

Thickness of pervious layer, D =

Figure 5-5 of EM 1110-2-1914: Infinite Line of Well s  Parallel to Infinite Line of Source - Impervious Top Startum 

548+00 Fully_Trench 3 ft and Discharge 1 ft.xlsx



Step f: Repeat Step C using hm = Hm - Hw in place o f Hm, and determine a new value of a. SHEET 3/3
6.1

Well Spacing, "a" for Revised, hm (ft.) = 90 Iteration no. 1 Equation 5-14 rearranged to solve for a
0.47 Equation 5-18
0.58 Equation 5-19

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

6427 ft3/day Equation 5-17
0.07 ft3/sec.
33.38 gpm 33.3835

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00003

Total head loss, Hw = 0.60

6.1

Well Spacing, "a" for Revised, hm (ft.) = 92.6 Iteration no. 2 Results
0.47
0.58

6572 ft3/day
0.08 ft3/sec.
34.14 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00003

Total head loss, Hw = 0.60

6.1

Well Spacing, "a" for Revised, hm (ft.) = 91.9 Iteration no. 3
0.47
0.58

6534 ft3/day
0.08 ft3/sec.
33.9 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00003

Total head loss, Hw = 0.60

6.1

Well Spacing, "a" for Revised, hm (ft.) = 92.1 Iteration no. 4
0.47
0.58

6544 ft3/day
0.08 ft3/sec.
34.0 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.00
Velocity of water through riser pipe, v (ft./sec.) = 0.04
Velocity head loss, Hv = 0.00003

Total head loss, Hw = 0.60

6.1

Well Spacing, "a" for Revised, hm (ft.) = 92.1 Iteration no. 5
0.47
0.58

SUMMARY OF RELIEF WELL DESIGN COMPUTATION FOR FULLY  PENETRATING WELL:

DESIGN WELL SPACING (FT.)= 92
DIAMETER OF WELL BOREHOLE (FT.) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 34.0
ESTIMATED LENGTH OF RELIEF WELL (FT.) = 70.0
ESTIMATED SCREEN LENGTH (FT.) = 55.0 *

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

Well Flow, Q =

hm (ft.) =

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

Well Flow, Q =

hm (ft.) =

Midwell Uplift Factor, Qm =

hm (ft.) =

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

Well Flow, Q =

hm (ft.) =

Extra Length or Average Uplift Factor, Qa =
Midwell Uplift Factor, Qm =

Well Flow, Q =

hm (ft.) =

Extra Length or Average Uplift Factor, Qa =

548+00 Fully_Trench 3 ft and Discharge 1 ft.xlsx



RELIEF WELL ANALYSIS SHEET 1/4

Date: 

Date: 

Enter Value
Calculated Value

ASSUMPTIONS: Recommended Value
1) Partially penetrating relief well system using Equation 5-14
2) Infinite Line of wells
3) Impervious top stratum (fine grained blanket) extends to a great distance landward
4) Applicable for underseepage pressure relief only
5) Analysis is applicable for relief well outlet below ground surface or at the ground surface

Levee and River Dimensions

67.8 ft.

Top of levee elevation, ELlevee crest = 70.0 ft.
Elevation 

Datum
NAVD88

45.0 ft. Flood Stage Flood Level

45.0 ft. 200+1 67.8

20.0 ft.

80.0 ft.

90.0 ft.

0 ft. Used to simulate distance to low point on the lands ide

190 ft.

22.8 ft.

Estimation of Landside Transformed Thickness for Up lift Pressure

Note: Identify appropriate case (I/II/III) based on Figure B-2 of Manual EM 1110-2-1913.  This workbook is applicable for maximum 5 layers. Do not cut and paste data entry.

Determination of Transformed Thickness for Seepage and Substratum Pressure Computations

Determination of Transformed Blanket Thickness for Uplift 

Case (I/II/III)

La
ye

r

Strata Actual Thickness, zn (ft)
Vertical 

Permeability, Kn 

(ft/day)

Permeability 
of Least 

Permeable 
Layer, Kb 

(ft/day)

Least 
Permeable 

Layers

Check 
Case

Ft = Kb/Kn

Transformed 
Thickness, ztn 

(ft)

Total 
Transformed 
Thickness, zt 

(ft)

- - -
- - -
- - -
- - -
- - -

1 CL/ML 15.0 7.1E-03 X 1.00 15.0
- - -
- - -
- - -
- - -

- - -
- - -
- - -
- - -
- - -

15 ft. Input to left AGREES w/ table above

15.0 ft.

Case III: Least permeable layer at middle (Transfor med 
thickness of blanket = actual thickness of least pe rmeable layer 
and all layers above it + transformed thickness of underlying 
layers)

III - - N/A

Transformed thickness of landside top stratum for uplift, zt = 

I - - N/A

Case I: Least permeable layer at top (Transformed t hickness of 
blanket = actual top layer thickness + transformed thickness of 
underlying layers)

Case II: Least permeable layer at bottom (Transform ed 
thickness of blanket = actual total thickness of bl anket)

II 7.1E-03 CASE I 15.0

Net head of levee,  H = ELdesign water - ELlandside GS

Reach: 7

Design flood elevation, ELdesign water =

Landside Toe Elevation, ELlandside toe =

Waterside Toe Elevation, Elwaterside toe =

Levee crest width, Lcrest =

Width of riverside slope of levee, Lriverside slope =

Width of landside slope of levee, Llandside slope =

Distance from River to Riverside Levee Toe, L1 =

Base width of Levee, L2, Lriverside slope+Lcrest+ Llandside slope= 

Study Area: FRWL

Station: SBCFA 551+10

Reference Boring/CPT WL0001_085B, WL0001_095B, 
WL0001_095C, SL0001_060C

Actual Thickness of Blanket = 

Reference: USACE 1992 . Design, Construction, and Maintenance of Relief W ells.  EM 1110-2-1914

URS Project No.: 17326868.0302

Project Name: SBFCA FRWL

Calculation By: GT Hong 1/6/2016

Check By: M. Ermakovich 1/22/2016

551+10 Partially_Trench 3 ft and Discharge 1 ft.xlsx



SHEET 2/4

Estimation of Relief Well Spacing, Size, and Flow

Note: See Section 7-5 (infinite line of wells, impervious top stratum) for description of the following step by step procedure

Step a:  Computation of Allowable Head, ha, Under t he Landside Blanket Layer
Transformed Thickness, Zt  = 15 ft
Depth to Bottom of Collector Ditch, hditch = 3 ft *

Depth to Discharge of Riser Pipe (feet)= 1 ft
Saturated Unit Weight of Blanket Layer, gt = 112.5 pcf

Critical Gradient, ic = 0.80 Equation 3-1 (Note: equation as given in USACE EM 1110-2-1914) (gw =62.4 pcf)

Factor of safety against uplift = 1.6

6.02 Equation 3-3 (Note: equations as given in USACE EM 1110-2-1914)

Step B: Assume the Net Head Midway Between Wells (H m) Equal to ha and Well Loss, Hw = 0
Assume Net Head Midway Between Wells, Hm = 6.02 ft

Assume Well Loss, Hw = 0 ft

Step c: For a Given Well Penetration, W,  Compute H m. Change 'a' until H m  = h a  from Step 1
Design WSE Elevation = 67.8 ft
Elevation of Landside Toe = 45.0 ft
Elevation of Bottom of Aquifer = -60.0 ft

127.8 ft

104.0 ft *

190 ft Note: Assume Levee Embankment Base Width in Absence of Waterside Blanket
Internal well radius, rwi = 0.33 ft

External well radius, rwe = 0.36 ft
Thickness of filter pack (annulus), tf = 0.39 ft

Effective well radius, rw = rwe +tf = 0.75 ft

Assumed a = 87.3 ft D/a = 1.03 Qa = 0.644 75% Penetration Equation 5-18
Assumed a = 66.5 ft D/a = 1.35 Qa = 1.023 50% Penetration 
Assumed a = 42.2 ft D/a = 2.13 Qa = 2.066 25% Penetration

Midwell Uplift Factor, Qm = Qm = 0.714 75% Penetration

Qm = 0.981 50% Penetration 

Qm = 1.661 25% Penetration

6.02 Equation 5-14

6.02
6.02

Hint: Change 'a' value until Hm=ha. Ha=6.02163461538461

Net Head Midway Between Wells, Hm =

Allowable Head Under the Landside Blanket Layer, ha  (ft)=

Height of Design WSE Above Bottom of Aquifer, H1 =

Head at Well (difference between discharge point  and Bottom of Aquifer), hw (ft.) =

Distance to the Effective Source of Seepage Entry, S =

Note: Effective well radius = outside radius of well screen + thickness of filter

Figure 5-5 of EM 1110-2-1914: Infinite Line of Well s  Parallel to Infinite Line of Source - Impervious Top Startum 
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Step d: Calculate Well Flow, Q, for the Spacing and  Penetration From Step c SHEET 3/4

90.0 ft/day *
11.3 ft/day (4E-03 cm/sec)

8583 ft3/day Equation 5-17 75% Penetration
0.10 ft3/sec
44.6 gpm

6238 ft3/day 50% Penetration 
0.07 ft3/sec
32.4 gpm

3685 ft3/day 25% Penetration
0.04 ft3/sec
19.1 gpm

Step e: Assume the well dimensions and calculate th e well losses, Hw, corresponding to Qw
Entrance head loss in the screen and filter, He (ft) = 0.6 ft

Friction loss, Hf (ft) = 0.0104 ft Equation on Figure 6-3 with C=100

Velocity of water through riser pipe, v (ft/sec) = 0.29 ft/s
Velocity head loss, Hv = 0.00131 ft Equation 6-3

Total head loss, Hw = 0.61 ft Equation 6-2

Step f: Repeat Step C using hm = Hm - Hw in place o f Hm, and determine a new value of a.
5.41 ft

Well Spacing, "a" for Revised, hm (ft.) = Iteration no. 1 Equation 5-14 rearranged to solve for a

Assumed a = 78.8 ft D/a = 1.14 Qa = 0.630 75% Penetration
Assumed a = 60.2 ft D/a = 1.50 Qa = 1.017 50% Penetration 
Assumed a = 38.3 ft D/a = 2.35 Qa = 2.089 25% Penetration
Midwell Uplift Factor, Qm = Qm = 0.692 75% Penetration

Qm = 0.948 50% Penetration 
Qm = 1.605 25% Penetration

5.41 Equation 5-14

5.41
5.41

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

7958 ft3/day Equation 5-17
0.09 ft3/sec.

41.34 gpm 41.3374

5801 ft3/day
0.07 ft3/sec.

30.13 gpm

3430 ft3/day
0.04 ft3/sec.

17.82 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.01

Velocity of water through riser pipe, v (ft./sec.) = 0.27
Velocity head loss, Hv = 0.00113

Total head loss, Hw = 0.61

5.41

Well Spacing, "a" for Revised, hm (ft.) = Iteration no. 2 Equation 5-14 rearranged to solve for a

Assumed a = 78.8 ft D/a = 1.14 Qa = 0.630 75% Penetration
Assumed a = 60.2 ft D/a = 1.50 Qa = 1.017 50% Penetration 
Assumed a = 38.3 ft D/a = 2.35 Qa = 2.089 25% Penetration
Midwell Uplift Factor, Qm = Qm = 0.692 75% Penetration

Qm = 0.948 50% Penetration 
Qm = 1.605 25% Penetration

5.41 Equation 5-14

5.41
5.41

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

7958 ft3/day Equation 5-17
0.09 ft3/sec.

41.34 gpm

5801 ft3/day
0.07 ft3/sec.

30.13 gpm

3430 ft3/day
0.04 ft3/sec.

17.82 gpm

Entrance head loss in the screen and filter, He = 0.6 ft

Friction loss, Hf = 0.01 ft Now uses rwi, not reff

Velocity of water through riser pipe, v = 0.27 ft/s Now uses rwi, not reff

Velocity head loss, Hv = 0.00113 ft

Total head loss, Hw = 0.61 ft

Well Flow, Q =

Well Flow, Q =

Net Head Midway Between Wells, Hm =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

hm (ft.) =

Net Head Midway Between Wells, Hm =

Thickness of pervious layer, D (feet) =
Horizontal Hydraulic Conductivity of the Aquifer, kH  (ft./day)=

Well Flow, Q =

hm =

551+10 Partially_Trench 3 ft and Discharge 1 ft.xlsx



SHEET 4/4
5.41

Well Spacing, "a" for Revised, hm (ft.) = Iteration no. 3 Equation 5-14 rearranged to solve for a

Assumed a = 78.8 ft D/a = 1.14 Qa = 0.630 75% Penetration
Assumed a = 60.2 ft D/a = 1.50 Qa = 1.017 50% Penetration 
Assumed a = 38.3 ft D/a = 2.35 Qa = 2.089 25% Penetration
Midwell Uplift Factor, Qm = Qm = 0.692 75% Penetration

Qm = 0.948 50% Penetration 
Qm = 1.605 25% Penetration

5.41 Equation 5-14

5.41
5.41

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

7958 ft3/day Equation 5-17
0.09 ft3/sec.
41.34 gpm

5801 ft3/day
0.07 ft3/sec.
30.13 gpm

3430 ft3/day
0.04 ft3/sec.
17.82 gpm

SUMMARY OF RELIEF WELL SYSTEM USING EQUATION 5-14:

Well Spacing from analysis, a (ft.) = 79 75% Penetration
Well Spacing from analysis, a (ft.) = 60 50% Penetration 
Well Spacing from analysis, a (ft.) = 38 25% Penetration
Well flow from Analysis, Q (gpm) = 41.3 75% Penetration
Well flow from Analysis, Q (gpm) = 30.1 50% Penetration 
Well flow from Analysis, Q (gpm) = 17.8 25% Penetration

82.5 75% Penetration
60.0 50% Penetration 
37.5 25% Penetration

Estimated Screen Length (ft.) 67.5 75% Penetration
Estimated Screen Length (ft.) 45.0 50% Penetration 
Estimated Screen Length (ft.) 22.5 25% Penetration

For design, select the smaller of the two well spac ings for a given penetration.
75% Penetration 50% Penetration 25% Penetration

5-14 5-15 5-14 5-15 5-14 5-15
Estimated Well Spacing, a (ft) 79 87 60 55 38 23

Internal Diameter of Well, rwi (ft) 0.66 0.66 0.66 0.66 0.66 0.66

Diameter of Well Borehole (ft) 1.50 1.50 1.50 1.50 1.50 1.50
Estimated Design Flow, Q (gpm) 41.3 44.5 30.1 28.3 17.8 11.9

Estimated Length of Relief Well (ft) 82.5 82.5 60 60 37.5 37.5

Selected values for FRWL Reach 7 (200yr + 1 foot WS E)
Estimated Well Spacing, a (ft) 55

Internal Diameter of Well, rwi (ft) 0.66

Diameter of Well Borehole (ft) 1.50
Estimated Design Flow, Q (gpm) 28.3

Estimated Length of Relief Well (ft) 60
Estimated Screen Length (ft) 45

Well Flow, Q =

Well Flow, Q =

Net Head Midway Between Wells, Hm =

Well Flow, Q =

hm (ft.) =

Total Length of Relief Well from Analysis (ft.) =
Total Length of Relief Well from Analysis (ft.) =
Total Length of Relief Well from Analysis (ft.) =

551+10 Partially_Trench 3 ft and Discharge 1 ft.xlsx



RELIEF WELL ANALYSIS SHEET 1/5

Date: 

Date: 

Enter Value
Calculated Value

ASSUMPTIONS: Recommended Value
1) Partially penetrating relief well system using Equation 5-15
2) Infinite Line of wells
3) Impervious top stratum (fine grained blanket) extends to a great distance landward
4) Applicable for underseepage pressure relief only
5) Analysis is applicable for relief well outlet below ground surface or at the ground surface

Levee and River Dimensions

67.8 ft

Top of levee elevation, ELlevee crest = 70.0 ft
Elevation 

Datum
NAVD88

45.0 ft
Flood 
Stage

Flood 
Level

45.0 ft 200+1 67.8

20.0 ft

80.0 ft
90.0 ft

0 ft
190 ft
22.8 ft

Estimation of Landside Transformed Thickness for Up lift Pressure

Note: Identify appropriate case (I/II/III) based on Figure B-2 of Manual EM 1110-2-1913.  This workbook is applicable for maximum 5 layers. Do not cut and paste data entry.

Determination of Transformed Thickness for Seepage and Substratum Pressure Computations

Determination of Transformed Blanket Thickness for Uplift 

Case (I/II/III)

La
ye

r

Strata
Actual Thickness, 

zn (ft)
Vertical Permeability, 

Kn (ft/day)

Permeabilit
y of Least 
Permeable 
Layer, Kb 

(ft/day)

Least 
Permeable 

Layers

Check 
Case

Ft = Kb/Kn

Transform
ed 

Thickness, 
ztn (ft)

Total 
Transfor

med 
Thickness

, zt (ft)

- - -
- - -
- - -
- - -
- - -

1 CL/ML 15.0 7.1E-03 X 1.00 15.0
- - -
- - -
- - -
- - -

- - -
- - -
- - -
- - -
- - -

15 ft Input to left AGREES w/ table above
15.0 ft

Case III: Least permeable layer at middle 
(Transformed thickness of blanket = actual 
thickness of least permeable layer and all layers 
above it + transformed thickness of underlying 
layers)

III - - N/A

Transformed thickness of landside top stratum for uplift, zt = 

Case I: Least permeable layer at top (Transformed 
thickness of blanket = actual top layer thickness +  
transformed thickness of underlying layers)

Case II: Least permeable layer at bottom 
(Transformed thickness of blanket = actual total 
thickness of blanket)

II 0.0071 CASE I 15.0

Net head of levee,  H = ELdesign water - ELlandside GS

I - - N/A

Waterside Toe Elevation, Elwaterside toe =

Levee crest width, Lcrest =

Width of riverside slope of levee, Lriverside slope =
Width of landside slope of levee, Llandside slope =

Distance from River to Riverside Levee Toe, L1 =

1/6/2016

1/22/2016

Actual Thickness of Blanket = 

Reference: USACE 1992 . Design, Construction, and Maintenance of Relief W ells.  EM 1110-2-1914

URS Project No.: 17326712.00000

Project Name: SBFCA FRWL

Calculation By: 

Reference Boring/CPT WL0001_085B, WL0001_095B, 
WL0001_095C, SL0001_060C

Reach: 7

Design flood elevation, ELdesign water =

Landside Toe Elevation, ELlandside toe =

GT Hong

Check By: M. Ermakovich

Study Area: FRWL

Station: SBCFA 551+10

Base width of Levee, L2, Lriverside slope+Lcrest+ Llandside slope= 
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Estimation of Relief Well Spacing, Size, and Flow SHEET 2/5

Note: See Section 7-5 (infinite line of wells, impervious top stratum) for description of the following step by step procedure

Step A: Determination of Allowable Head, h a

Transformed Thickness, Zt  = 15 ft
Depth to Bottom of Collector Ditch, hditch = 3 ft

Depth to Discharge of Riser Pipe (feet)= 1 ft *
Saturated Unit Weight of Blanket Layer, gt = 112.5 pcf

Critical Gradient, ic = 0.80 Equation 3-1 (Note: equation as given in USACE EM 1110-2-1914) (gw =62.4 pcf)

Factor of safety against uplift = 1.6

6.02 Equation 3-3 (Note: equations as given in USACE EM 1110-2-1914)

Step B: Assume the Net Head Midway Between Wells (H m ) equal to h a  and Well Loss, h w  = 0
Assume Net Head Midway Between Wells, Hm (feet) = 6.02

Assume Well Loss, Hw (feet) = 0

Step C: For a given Well Penetration, W,  compute H av. Change 'a' until H av  = h a from Step 1
Design WSE Elevation = 67.8 ft
Elevation of Landside Toe = 45.0 ft
Elevation of Bottom of Aquifer = -60.0 ft

127.8 ft

Head at Well, Height Difference Landside Toe and Bottom of Aquifer, hw (ft.) = 104.0 ft *

190 ft Refer to Paragraph h on Appendix page B-5
Internal well radius, rwi = 0.33 ft Note new input of r

External well radius, rwe = 0.36 ft

Thickness of filter pack (annulus), tf = 0.39 ft
Effective well radius, rw,eff = rwe +0.5*tf = 0.75 ft

Extra length or average uplift factor, Qa =
Assumed a = 97.7 ft D/a = 0.92 Qa = 0.658 75% Penetration
Assumed a = 63.1 ft D/a = 1.43 Qa = 1.019 50% Penetration 
Assumed a = 28.5 ft D/a = 3.16 Qa = 2.259 25% Penetration

Qm = 0.737 75% Penetration
Qm = 0.964 50% Penetration 
Qm = 1.432 25% Penetration

Hint: Change 'a' value until Hav = ha. ha= 6.02

Hav = 6.02 ft 75% Penetration

Hav = 6.02 ft 50% Penetration 

Hav = 6.02 ft 25% Penetration

Effective well radius = outside radius of well screen + one half thickness of filter

(Paragraph 6-8)

Distance to the Effective Source of Seepage Entry, S =

Allowable Head Under the Landside Blanket Layer, ha  (ft)=

Height of Design WSE Above Bottom of Aquifer, H1 =

Figure 5-5 of EM 1110-2-1914: Infinite Line of Well s  Parallel to Infinite Line of Source - Impervious Top Startum 
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Step D: Calculate the Well Flow, Q, for the above sp acing and penetration SHEET 3/5

Thickness of pervious layer, D = 90.0 ft *

11.3 ft/day

9298 ft3/day 75% Penetration
0.11 ft3/sec
48.3 gpm

6005 ft3/day 50% Penetration 
0.07 ft3/sec
31.2 gpm

2712 ft3/day 25% Penetration
0.03 ft3/sec
14.1 gpm

Step E: Assume the well dimensions and calculate the  well losses, H w , corresponding to Q w

Entrance head loss in the screen and filter, He (ft) = 0.6 ft
Friction loss, Hf (= 0.0006

Velocity of water through riser pipe, v = 0.31 ft/s Now uses rwi, not reff

Velocity of water through riser pipe, v = 0.20 ft/s Now uses rwi, not reff 75% Penetration

Velocity of water through riser pipe, v = 0.09 ft/s Now uses rwi, not reff 50% Penetration 

25% Penetration
Velocity head loss, Hv = 0.00154 ft

Velocity head loss, Hv = 0.00064 ft 75% Penetration

Velocity head loss, Hv = 0.00013 ft 50% Penetration 

25% Penetration
Total head loss, Hw = 0.6 ft

Total head loss, Hw = 0.6 ft 75% Penetration

Total head loss, Hw = 0.6 ft 50% Penetration 

25% Penetration

Step F: Repeat Step C using h av  = H av  - H w in place of H av , and determine a new value of a.
hav = 5.42 ft 75% Penetration

hav = 5.42 ft 50% Penetration 

hav = 5.42 ft 25% Penetration

Extra length or average uplift factor, Qa =
Assumed a = 87.1 ft D/a = 1.03 Qa = 0.643 75% Penetration
Assumed a = 55.3 ft D/a = 1.63 Qa = 1.012 50% Penetration 
Assumed a = 23.1 ft D/a = 3.90 Qa = 2.423 25% Penetration

Hav = 5.42 ft 75% Penetration

Hav = 5.42 ft 50% Penetration 

Hav = 5.42 ft 25% Penetration

Calculate the Well Flow, Q, for the above spacing a nd penetration

Thickness of pervious layer, D = 89.0
11.3

8569 ft3/day 75% Penetration
0.10 ft3/s
44.5 gpm

5442 ft3/day 50% Penetration 
0.06 ft3/s
28.3 gpm

2273 ft3/day 25% Penetration
0.03 ft3/s
11.8 gpm

Step G: Assume the well dimensions and calculate the  well losses, H w , corresponding to Q w

Entrance head loss in the screen and filter, He = 0.6 ft

Friction loss, Hf = 0.0006 asume 0.1 ft

Velocity of water through riser pipe, v = 0.29 ft/s Now uses rwi, not reff 75% Penetration
Velocity of water through riser pipe, v = 0.18 ft/s Now uses rwi, not reff 50% Penetration 
Velocity of water through riser pipe, v = 0.08 ft/s Now uses rwi, not reff 25% Penetration

Velocity head loss, Hv = 0.00130 ft 75% Penetration

Velocity head loss, Hv = 0.00053 ft 50% Penetration 

Velocity head loss, Hv = 0.00009 ft 25% Penetration

Total head loss, Hw = 0.6 ft 75% Penetration

Total head loss, Hw = 0.6 ft 50% Penetration 

Total head loss, Hw = 0.6 ft 25% Penetration

2nd Iteration

Well Flow, Q =

Horizontal permeability of sand layer, kH  (ft/day)=

Well Flow, Q =

Well Flow, Q =

1st Iteration

Well Flow, Q =

Horizontal permeability of sand layer, kH  (ft/day)=

Well Flow, Q =

Well Flow, Q =
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SHEET 4/5

Repeat Step C using h av  = H av  - H w in place of H av , and determine a new value of a.
hav (ft) = 5.42 75% Penetration
hav (ft) = 5.42 50% Penetration 
hav (ft) = 5.42 25% Penetration

Extra length or average uplift factor, Qa =
Assumed a = 87.1 ft D/a = 1.03 Qa = 0.643 75% Penetration
Assumed a = 55.3 ft D/a = 1.63 Qa = 1.013 50% Penetration 
Assumed a = 23.2 ft D/a = 3.88 Qa = 2.413 25% Penetration

Hav = 5.42 ft 75% Penetration

Hav = 5.42 ft 50% Penetration 

Hav = 5.42 ft 25% Penetration

Calculate the Well Flow, Q, for the above spacing a nd penetration

Thickness of pervious layer, D = 89.0
11.3

8568 ft3/day 75% Penetration
0.10 ft3/sec.
44.5 gpm

5441 ft3/day 50% Penetration 
0.06 ft3/sec.
28.3 gpm

2283 ft3/day 25% Penetration
0.03 ft3/sec.
11.9 gpm

Step G: Assume the well dimensions and calculate the  well losses, H w , corresponding to Q w

Entrance head loss in the screen and filter, He (ft) = 0.6 ft
Friction loss, Hf = 0.0006 asume 0.1 ft

Velocity of water through riser pipe, v = 0.29 ft/s Now uses rwi, not reff 75% Penetration

Velocity of water through riser pipe, v = 0.18 ft/s Now uses rwi, not reff 50% Penetration 

Velocity of water through riser pipe, v = 0.08 ft/s Now uses rwi, not reff 25% Penetration

Velocity head loss, Hv = 0.00130 ft 75% Penetration

Velocity head loss, Hv = 0.00053 ft 50% Penetration 

Velocity head loss, Hv = 0.00009 ft 25% Penetration

Total head loss, Hw = 0.6 ft 75% Penetration

Total head loss, Hw = 0.6 ft 50% Penetration 

Total head loss, Hw = 0.6 ft 25% Penetration

Repeat Step C using h av  = H av  - H w in place of H av , and determine a new value of a.
hav = 5.42 ft 75% Penetration

hav = 5.42 ft 50% Penetration 

hav = 5.42 ft 25% Penetration

Extra length or average uplift factor, Qa =
Assumed a = 87.1 ft D/a = 1.03 Qa = 0.643 75% Penetration
Assumed a = 55.3 ft D/a = 1.63 Qa = 1.013 50% Penetration 
Assumed a = 23.2 ft D/a = 3.88 Qa = 2.413 25% Penetration

Hav = 5.42 ft 75% Penetration

Hav = 5.42 ft 50% Penetration 

Hav = 5.42 ft 25% Penetration

Calculate the Well Flow, Q, for the above spacing a nd penetration

Thickness of pervious layer, D = 90.0 ft
11.3 ft/day

8568 ft3/day 75% Penetration
0.10 ft3/sec.
44.5 gpm

5441 ft3/day 50% Penetration 
0.06 ft3/sec.
28.3 gpm

2283 ft3/day 25% Penetration
0.03 ft3/sec.
11.9 gpm

Well Flow, Q =

3rd Iteration

Horizontal permeability of sand layer, kH  =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

Horizontal permeability of sand layer, kH  (ft/day)=

Well Flow, Q =

Well Flow, Q =
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SUMMARY OF RELIEF WELL SYSTEM USING EQUATION 5-15: SHEET 5/5

Well Spacing from analysis, a (ft) = 87 75% Penetration
Well Spacing from analysis, a (ft) = 55 50% Penetration 
Well Spacing from analysis, a (ft) = 23 25% Penetration
Well flow from Analysis, Q (gpm) = 44.5 75% Penetration
Well flow from Analysis, Q (gpm) = 28.3 50% Penetration 
Well flow from Analysis, Q (gpm) = 11.9 25% Penetration

82.5 75% Penetration
60.0 50% Penetration 
37.5 25% Penetration

Estimated Screen Length (ft) 67.5 75% Penetration
Estimated Screen Length (ft) 45.0 50% Penetration 
Estimated Screen Length (ft) 22.5 25% Penetration

Select Which Procedure Gives Lower Spacing 2 Select 1 for Equation 5-14, Select 2 for Equation 5-15
75% Penetration
DESIGN WELL SPACING (ft)= 87.1
DIAMETER OF WELL BOREHOLE (ft) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 44.5
ESTIMATED LENGTH OF RELIEF WELL (ft) = 82.5
ESTIMATED SCREEN LENGTH (ft) = 67.5

50% Penetration 
DESIGN WELL SPACING (ft)= 55.3
DIAMETER OF WELL BOREHOLE (ft) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 28.3
ESTIMATED LENGTH OF RELIEF WELL (ft) = 60
ESTIMATED SCREEN LENGTH (ft) = 45

25% Penetration
DESIGN WELL SPACING (ft)= 23.20
DIAMETER OF WELL BOREHOLE (ft) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 11.9
ESTIMATED LENGTH OF RELIEF WELL (ft) = 37.5
ESTIMATED SCREEN LENGTH (ft) = 22.5

Total Length of Relief Well from Analysis (ft) =
Total Length of Relief Well from Analysis (ft) =
Total Length of Relief Well from Analysis (ft) =
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RELIEF WELL ANALYSIS SHEET 1/4

Date: 

Date: 

Enter Value
Calculated Value

ASSUMPTIONS: Recommended Value
1) Partially penetrating relief well system using Equation 5-14
2) Infinite Line of wells
3) Impervious top stratum (fine grained blanket) extends to a great distance landward
4) Applicable for underseepage pressure relief only
5) Analysis is applicable for relief well outlet below ground surface or at the ground surface

Levee and River Dimensions

70.8 ft.

Top of levee elevation, ELlevee crest = 70.0 ft.
Elevation 

Datum
NAVD88

45.0 ft. Flood Stage Flood Level

45.0 ft. 200+4 70.8

20.0 ft.

80.0 ft.

90.0 ft.

0 ft. Used to simulate distance to low point on the lands ide

190 ft.

25.8 ft.

Estimation of Landside Transformed Thickness for Up lift Pressure

Note: Identify appropriate case (I/II/III) based on Figure B-2 of Manual EM 1110-2-1913.  This workbook is applicable for maximum 5 layers. Do not cut and paste data entry.

Determination of Transformed Thickness for Seepage and Substratum Pressure Computations

Determination of Transformed Blanket Thickness for Uplift 

Case (I/II/III)

La
ye

r

Strata Actual Thickness, zn (ft)
Vertical 

Permeability, Kn 

(ft/day)

Permeability 
of Least 

Permeable 
Layer, Kb 

(ft/day)

Least 
Permeable 

Layers

Check 
Case

Ft = Kb/Kn

Transformed 
Thickness, ztn 

(ft)

Total 
Transformed 
Thickness, zt 

(ft)

- - -
- - -
- - -
- - -
- - -

1 CL/ML 15.0 7.1E-03 X 1.00 15.0
- - -
- - -
- - -
- - -

- - -
- - -
- - -
- - -
- - -

15 ft. Input to left AGREES w/ table above
15.0 ft.

Reference: USACE 1992 . Design, Construction, and Maintenance of Relief W ells.  EM 1110-2-1914

URS Project No.: 17326868.0302

Project Name: SBFCA FRWL

Calculation By: GT Hong 1/6/2016

Check By: M. Ermakovich 1/22/2016

Study Area: FRWL

Station: SBCFA 551+10

Reference Boring/CPT
WL0001_085B, WL0001_095B, 
WL0001_095C, SL0001_060C

Reach: 7

Design flood elevation, ELdesign water =

Landside Toe Elevation, ELlandside toe =

Waterside Toe Elevation, Elwaterside toe =

Levee crest width, Lcrest =

Width of riverside slope of levee, Lriverside slope =

Width of landside slope of levee, Llandside slope =

Distance from River to Riverside Levee Toe, L1 =

Base width of Levee, L2, Lriverside slope+Lcrest+ Llandside slope= 

Net head of levee,  H = ELdesign water - ELlandside GS

I - - N/A

Case I: Least permeable layer at top (Transformed t hickness 
of blanket = actual top layer thickness + transform ed 
thickness of underlying layers)

Case II: Least permeable layer at bottom (Transform ed 
thickness of blanket = actual total thickness of bl anket)

II 7.1E-03 CASE I 15.0

Case III: Least permeable layer at middle (Transfor med 
thickness of blanket = actual thickness of least pe rmeable 
layer and all layers above it + transformed thickne ss of 
underlying layers)

III - - N/A

Transformed thickness of landside top stratum for uplift, zt = 
Actual Thickness of Blanket = 

551+10 Partially_Trench 3 ft and Discharge 1 ft.xlsx



SHEET 2/4

Estimation of Relief Well Spacing, Size, and Flow

Note: See Section 7-5 (infinite line of wells, impervious top stratum) for description of the following step by step procedure

Step a:  Computation of Allowable Head, ha, Under t he Landside Blanket Layer
Transformed Thickness, Zt  = 15 ft
Depth to Bottom of Collector Ditch, hditch = 3 ft
Depth to Discharge of Riser Pipe (feet)= 1 ft *
Saturated Unit Weight of Blanket Layer, gt = 112.5 pcf

Critical Gradient, ic = 0.80 Equation 3-1 (Note: equation as given in USACE EM 1110-2-1914) (gw =62.4 pcf)

Factor of safety against uplift = 1.43 Back-cacluated Exit Gradient for 55 Feet Well Spaci ng Condition Is 0.56 (=0.8/1.43) 

6.74 Equation 3-3 (Note: equations as given in USACE EM 1110-2-1914)

Step B: Assume the Net Head Midway Between Wells (H m) Equal to ha and Well Loss, Hw = 0
Assume Net Head Midway Between Wells, Hm = 6.74 ft

Assume Well Loss, Hw = 0 ft

Step c: For a Given Well Penetration, W,  Compute H m. Change 'a' until H m  = h a  from Step 1
Design WSE Elevation = 70.8 ft
Elevation of Landside Toe = 45.0 ft
Elevation of Bottom of Aquifer = -60.0 ft

130.8 ft

104.0 ft *

190 ft Note: Assume Levee Embankment Base Width in Absence of Waterside Blanket
Internal well radius, rwi = 0.33 ft

External well radius, rwe = 0.36 ft
Thickness of filter pack (annulus), tf = 0.39 ft

Effective well radius, rw = rwe +tf = 0.75 ft

Assumed a = 86.8 ft D/a = 1.04 Qa = 0.643 75% Penetration Equation 5-18
Assumed a = 66.1 ft D/a = 1.36 Qa = 1.023 50% Penetration 
Assumed a = 42.0 ft D/a = 2.15 Qa = 2.067 25% Penetration

Midwell Uplift Factor, Qm = Qm = 0.712 75% Penetration

Qm = 0.979 50% Penetration 

Qm = 1.658 25% Penetration

6.74 Equation 5-14
6.74
6.74

Allowable Head Under the Landside Blanket Layer, ha  (ft)=

Height of Design WSE Above Bottom of Aquifer, H1 =

Head at Well (difference between discharge point  and Bottom of Aquifer), hw (ft.) =

Distance to the Effective Source of Seepage Entry, S =

Note: Effective well radius = outside radius of well screen + thickness of filter

Hint: Change 'a' value until Hm=ha. Ha=6.73749327595482

Net Head Midway Between Wells, Hm =

Figure 5-5 of EM 1110-2-1914: Infinite Line of Well s  Parallel to Infinite Line of Source - Impervious Top Startum 
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Step d: Calculate Well Flow, Q, for the Spacing and  Penetration From Step c SHEET 3/4

90.0 ft/day *
11.3 ft/day (4E-03 cm/sec)

9625 ft3/day Equation 5-17 75% Penetration
0.11 ft3/sec
50.0 gpm

6994 ft3/day 50% Penetration 
0.08 ft3/sec
36.3 gpm

4132 ft3/day 25% Penetration
0.05 ft3/sec
21.5 gpm

Step e: Assume the well dimensions and calculate th e well losses, Hw, corresponding to Qw
Entrance head loss in the screen and filter, He (ft) = 0.6 ft

Friction loss, Hf (ft) = 0.0128 ft Equation on Figure 6-3 with C=100
Velocity of water through riser pipe, v (ft/sec) = 0.33 ft/s
Velocity head loss, Hv = 0.00165 ft Equation 6-3

Total head loss, Hw = 0.61 ft Equation 6-2

Step f: Repeat Step C using hm = Hm - Hw in place o f Hm, and determine a new value of a.
6.13 ft

Well Spacing, "a" for Revised, hm (ft.) = Iteration no. 1 Equation 5-14 rearranged to solve for a
Assumed a = 79.2 ft D/a = 1.14 Qa = 0.631 75% Penetration
Assumed a = 60.6 ft D/a = 1.49 Qa = 1.017 50% Penetration 
Assumed a = 38.5 ft D/a = 2.34 Qa = 2.088 25% Penetration
Midwell Uplift Factor, Qm = Qm = 0.693 75% Penetration

Qm = 0.950 50% Penetration 
Qm = 1.608 25% Penetration

6.13 Equation 5-14
6.13
6.13

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

8995 ft3/day Equation 5-17
0.10 ft3/sec.

46.73 gpm 46.7252

6564 ft3/day
0.08 ft3/sec.

34.10 gpm

3878 ft3/day
0.04 ft3/sec.

20.14 gpm

Entrance head loss in the screen and filter, He (ft.) = 0.6

Friction loss, Hf (ft.) = 0.01
Velocity of water through riser pipe, v (ft./sec.) = 0.30
Velocity head loss, Hv = 0.00144

Total head loss, Hw = 0.61

6.13

Well Spacing, "a" for Revised, hm (ft.) = Iteration no. 2 Equation 5-14 rearranged to solve for a
Assumed a = 79.2 ft D/a = 1.14 Qa = 0.631 75% Penetration
Assumed a = 60.6 ft D/a = 1.49 Qa = 1.017 50% Penetration 
Assumed a = 38.5 ft D/a = 2.34 Qa = 2.088 25% Penetration
Midwell Uplift Factor, Qm = Qm = 0.693 75% Penetration

Qm = 0.950 50% Penetration 
Qm = 1.608 25% Penetration

6.13 Equation 5-14
6.13
6.13

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

8995 ft3/day Equation 5-17
0.10 ft3/sec.

46.73 gpm 46.7252

6564 ft3/day
0.08 ft3/sec.

34.10 gpm

3878 ft3/day
0.04 ft3/sec.

20.14 gpm

Entrance head loss in the screen and filter, He = 0.6 ft

Friction loss, Hf = 0.01 ft Now uses rwi, not reff

Velocity of water through riser pipe, v = 0.30 ft/s Now uses rwi, not reff

Velocity head loss, Hv = 0.00144 ft

Total head loss, Hw = 0.61 ft

Thickness of pervious layer, D (feet) =
Horizontal Hydraulic Conductivity of the Aquifer, kH  (ft./day)=

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

hm =

Net Head Midway Between Wells, Hm =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

hm (ft.) =

Net Head Midway Between Wells, Hm =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

551+10 Partially_Trench 3 ft and Discharge 1 ft.xlsx



SHEET 4/4
6.13

Well Spacing, "a" for Revised, hm (ft.) = Iteration no. 3 Equation 5-14 rearranged to solve for a
Assumed a = 79.2 ft D/a = 1.14 Qa = 0.631 75% Penetration
Assumed a = 60.6 ft D/a = 1.49 Qa = 1.017 50% Penetration 
Assumed a = 38.5 ft D/a = 2.34 Qa = 2.088 25% Penetration
Midwell Uplift Factor, Qm = Qm = 0.693 75% Penetration

Qm = 0.950 50% Penetration 
Qm = 1.608 25% Penetration

6.13 Equation 5-14
6.13
6.13

Step g: Repeat Steps d through f Until relatively co nsistent values of a are obtained. 

8995 ft3/day Equation 5-17
0.10 ft3/sec.
46.73 gpm 46.7252

6564 ft3/day
0.08 ft3/sec.
34.10 gpm

3878 ft3/day
0.04 ft3/sec.
20.14 gpm

SUMMARY OF RELIEF WELL SYSTEM USING EQUATION 5-14:

Well Spacing from analysis, a (ft.) = 79 75% Penetration
Well Spacing from analysis, a (ft.) = 61 50% Penetration 
Well Spacing from analysis, a (ft.) = 38 25% Penetration
Well flow from Analysis, Q (gpm) = 46.7 75% Penetration
Well flow from Analysis, Q (gpm) = 34.1 50% Penetration 
Well flow from Analysis, Q (gpm) = 20.1 25% Penetration

82.5 75% Penetration
60.0 50% Penetration 
37.5 25% Penetration

Estimated Screen Length (ft.) 67.5 75% Penetration
Estimated Screen Length (ft.) 45.0 50% Penetration 
Estimated Screen Length (ft.) 22.5 25% Penetration

For design, select the smaller of the two well spac ings for a given penetration.
75% Penetration 50% Penetration 25% Penetration

5-14 5-15 5-14 5-15 5-14 5-15
Estimated Well Spacing, a (ft) 79 87 61 55 38 23

Internal Diameter of Well, rwi (ft) 0.66 0.66 0.66 0.66 0.66 0.66
Diameter of Well Borehole (ft) 1.50 1.50 1.50 1.50 1.50 1.50

Estimated Design Flow, Q (gpm) 46.7 49.9 34.1 28.3 20.1 11.9
Estimated Length of Relief Well (ft) 82.5 82.5 60 60 37.5 37.5

Selected values for FRWL Reach 7 (200yr + 1 foot WS E)
Estimated Well Spacing, a (ft) 55

Internal Diameter of Well, rwi (ft) 0.66
Diameter of Well Borehole (ft) 1.50

Estimated Design Flow, Q (gpm) 28.3
Estimated Length of Relief Well (ft) 60

Estimated Screen Length (ft) 45

hm (ft.) =

Total Length of Relief Well from Analysis (ft.) =

Net Head Midway Between Wells, Hm =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

Total Length of Relief Well from Analysis (ft.) =
Total Length of Relief Well from Analysis (ft.) =

551+10 Partially_Trench 3 ft and Discharge 1 ft.xlsx



RELIEF WELL ANALYSIS SHEET 1/5

Date: 

Date: 

Enter Value
Calculated Value

ASSUMPTIONS: Recommended Value
1) Partially penetrating relief well system using Equation 5-15
2) Infinite Line of wells
3) Impervious top stratum (fine grained blanket) extends to a great distance landward
4) Applicable for underseepage pressure relief only
5) Analysis is applicable for relief well outlet below ground surface or at the ground surface

Levee and River Dimensions

70.8 ft

Top of levee elevation, ELlevee crest = 70.0 ft
Elevation 

Datum
NAVD88

45.0 ft
Flood 
Stage

Flood 
Level

45.0 ft 200+4 70.8

20.0 ft

80.0 ft
90.0 ft

0 ft
190 ft
25.8 ft

Estimation of Landside Transformed Thickness for Up lift Pressure

Note: Identify appropriate case (I/II/III) based on Figure B-2 of Manual EM 1110-2-1913.  This workbook is applicable for maximum 5 layers. Do not cut and paste data entry.

Determination of Transformed Thickness for Seepage and Substratum Pressure Computations

Determination of Transformed Blanket Thickness for Uplift 

Case (I/II/III)

La
ye

r

Strata
Actual Thickness, 

zn (ft)
Vertical Permeability, 

Kn (ft/day)

Permeabilit
y of Least 

Permeable 
Layer, Kb 

(ft/day)

Least 
Permeable 

Layers

Check 
Case

Ft = Kb/Kn

Transform
ed 

Thickness, 
ztn (ft)

Total 
Transfor

med 
Thickness

, zt (ft)

- - -
- - -
- - -
- - -
- - -

1 CL/ML 15.0 7.1E-03 X 1.00 15.0
- - -
- - -
- - -
- - -

- - -
- - -
- - -
- - -
- - -

15 ft Input to left AGREES w/ table above
15.0 ft

Reference: USACE 1992 . Design, Construction, and Maintenance of Relief W ells.  EM 1110-2-1914

URS Project No.: 17326712.00000

Project Name: SBFCA FRWL

Calculation By: GT Hong 1/6/2016

Check By: M. Ermakovich 1/22/2016

Study Area: FRWL

Station: SBCFA 551+10

Reference Boring/CPT
WL0001_085B, WL0001_095B, 
WL0001_095C, SL0001_060C

Reach: 7

Design flood elevation, ELdesign water =

Landside Toe Elevation, ELlandside toe =

Waterside Toe Elevation, Elwaterside toe =
Levee crest width, Lcrest =

Width of riverside slope of levee, Lriverside slope =
Width of landside slope of levee, Llandside slope =

Distance from River to Riverside Levee Toe, L1 =
Base width of Levee, L2, Lriverside slope+Lcrest+ Llandside slope= 
Net head of levee,  H = ELdesign water - ELlandside GS

I - - N/A

Case I: Least permeable layer at top (Transformed 
thickness of blanket = actual top layer thickness +  
transformed thickness of underlying layers)

Case II: Least permeable layer at bottom 
(Transformed thickness of blanket = actual total 
thickness of blanket)

II 0.0071 CASE I 15.0

Case III: Least permeable layer at middle 
(Transformed thickness of blanket = actual 
thickness of least permeable layer and all layers 
above it + transformed thickness of underlying 
layers)

III - - N/A

Transformed thickness of landside top stratum for uplift, zt = 
Actual Thickness of Blanket = 
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Estimation of Relief Well Spacing, Size, and Flow SHEET 2/5

Note: See Section 7-5 (infinite line of wells, impervious top stratum) for description of the following step by step procedure

Step A: Determination of Allowable Head, h a

Transformed Thickness, Zt  = 15 ft
Depth to Bottom of Collector Ditch, hditch = 3 ft

Depth to Discharge of Riser Pipe (feet)= 1 ft *
Saturated Unit Weight of Blanket Layer, gt = 112.5 pcf

Critical Gradient, ic = 0.80 Equation 3-1 (Note: equation as given in USACE EM 1110-2-1914) (gw =62.4 pcf)

Factor of safety against uplift = 1.45 Back-cacluated Exit Gradient for 55 Feet Well Spaci ng Condition Is 0.55 (=0.8/1.45) 

6.67 Equation 3-3 (Note: equations as given in USACE EM 1110-2-1914)

Step B: Assume the Net Head Midway Between Wells (H m ) equal to h a  and Well Loss, h w  = 0
Assume Net Head Midway Between Wells, Hm (feet) = 6.67

Assume Well Loss, Hw (feet) = 0

Step C: For a given Well Penetration, W,  compute H av. Change 'a' until H av  = h a from Step 1
Design WSE Elevation = 70.8 ft
Elevation of Landside Toe = 45.0 ft
Elevation of Bottom of Aquifer = -60.0 ft

130.8 ft

Head at Well, Height Difference Landside Toe and Bottom of Aquifer, hw (ft.) = 104.0 ft *

190 ft Refer to Paragraph h on Appendix page B-5
Internal well radius, rwi = 0.33 ft Note new input of r

External well radius, rwe = 0.36 ft

Thickness of filter pack (annulus), tf = 0.39 ft
Effective well radius, rw,eff = rwe +0.5*tf = 0.75 ft

Extra length or average uplift factor, Qa =
Assumed a = 95.9 ft D/a = 0.94 Qa = 0.656 75% Penetration
Assumed a = 61.8 ft D/a = 1.46 Qa = 1.018 50% Penetration 
Assumed a = 27.5 ft D/a = 3.27 Qa = 2.289 25% Penetration

Qm = 0.733 75% Penetration
Qm = 0.957 50% Penetration 
Qm = 1.410 25% Penetration

Hint: Change 'a' value until Hav = ha. ha= 6.67

Hav = 6.67 ft 75% Penetration

Hav = 6.67 ft 50% Penetration 

Hav = 6.67 ft 25% Penetration

Allowable Head Under the Landside Blanket Layer, ha  (ft)=

Height of Design WSE Above Bottom of Aquifer, H1 =

Distance to the Effective Source of Seepage Entry, S =

Effective well radius = outside radius of well screen + one half thickness of filter

(Paragraph 6-8)

Figure 5-5 of EM 1110-2-1914: Infinite Line of Well s  Parallel to Infinite Line of Source - Impervious Top Startum 
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Step D: Calculate the Well Flow, Q, for the above sp acing and penetration SHEET 3/5

Thickness of pervious layer, D = 90.0 ft *

11.3 ft/day

10335 ft3/day 75% Penetration
0.12 ft3/sec
53.7 gpm

6660 ft3/day 50% Penetration 
0.08 ft3/sec
34.6 gpm

2963 ft3/day 25% Penetration
0.03 ft3/sec
15.4 gpm

Step E: Assume the well dimensions and calculate the  well losses, H w , corresponding to Q w

Entrance head loss in the screen and filter, He (ft) = 0.6 ft
Friction loss, Hf (= 0.0006

Velocity of water through riser pipe, v = 0.35 ft/s Now uses rwi, not reff

Velocity of water through riser pipe, v = 0.23 ft/s Now uses rwi, not reff 75% Penetration

Velocity of water through riser pipe, v = 0.10 ft/s Now uses rwi, not reff 50% Penetration 
25% Penetration

Velocity head loss, Hv = 0.00190 ft

Velocity head loss, Hv = 0.00079 ft 75% Penetration

Velocity head loss, Hv = 0.00016 ft 50% Penetration 
25% Penetration

Total head loss, Hw = 0.6 ft

Total head loss, Hw = 0.6 ft 75% Penetration

Total head loss, Hw = 0.6 ft 50% Penetration 
25% Penetration

Step F: Repeat Step C using h av  = H av  - H w in place of H av , and determine a new value of a.
hav = 6.07 ft 75% Penetration

hav = 6.07 ft 50% Penetration 

hav = 6.07 ft 25% Penetration

Extra length or average uplift factor, Qa =
Assumed a = 86.6 ft D/a = 1.04 Qa = 0.642 75% Penetration
Assumed a = 55.0 ft D/a = 1.64 Qa = 1.012 50% Penetration 
Assumed a = 23.0 ft D/a = 3.91 Qa = 2.425 25% Penetration

Hav = 6.07 ft 75% Penetration

Hav = 6.07 ft 50% Penetration 

Hav = 6.08 ft 25% Penetration

Calculate the Well Flow, Q, for the above spacing a nd penetration

Thickness of pervious layer, D = 89.0
11.3

9609 ft3/day 75% Penetration
0.11 ft3/s
49.9 gpm

6102 ft3/day 50% Penetration 
0.07 ft3/s
31.7 gpm

2551 ft3/day 25% Penetration
0.03 ft3/s
13.2 gpm

Step G: Assume the well dimensions and calculate the  well losses, H w , corresponding to Q w

Entrance head loss in the screen and filter, He = 0.6 ft

Friction loss, Hf = 0.0006 asume 0.1 ft

Velocity of water through riser pipe, v = 0.33 ft/s Now uses rwi, not reff 75% Penetration
Velocity of water through riser pipe, v = 0.21 ft/s Now uses rwi, not reff 50% Penetration 
Velocity of water through riser pipe, v = 0.09 ft/s Now uses rwi, not reff 25% Penetration

Velocity head loss, Hv = 0.00164 ft 75% Penetration

Velocity head loss, Hv = 0.00066 ft 50% Penetration 

Velocity head loss, Hv = 0.00012 ft 25% Penetration

Total head loss, Hw = 0.6 ft 75% Penetration

Total head loss, Hw = 0.6 ft 50% Penetration 

Total head loss, Hw = 0.6 ft 25% Penetration

Horizontal permeability of sand layer, kH  (ft/day)=

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

1st Iteration

Horizontal permeability of sand layer, kH  (ft/day)=

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

2nd Iteration
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SHEET 4/5

Repeat Step C using h av  = H av  - H w in place of H av , and determine a new value of a.
hav (ft) = 6.07 75% Penetration
hav (ft) = 6.07 50% Penetration 
hav (ft) = 6.07 25% Penetration

Extra length or average uplift factor, Qa =
Assumed a = 86.6 ft D/a = 1.04 Qa = 0.643 75% Penetration
Assumed a = 55.0 ft D/a = 1.64 Qa = 1.012 50% Penetration 
Assumed a = 23.0 ft D/a = 3.91 Qa = 2.417 25% Penetration

Hav = 6.07 ft 75% Penetration

Hav = 6.07 ft 50% Penetration 

Hav = 6.07 ft 25% Penetration

Calculate the Well Flow, Q, for the above spacing a nd penetration

Thickness of pervious layer, D = 89.0
11.3

9608 ft3/day 75% Penetration
0.11 ft3/sec.
49.9 gpm

6102 ft3/day 50% Penetration 
0.07 ft3/sec.
31.7 gpm

2553 ft3/day 25% Penetration
0.03 ft3/sec.
13.3 gpm

Step G: Assume the well dimensions and calculate the  well losses, H w , corresponding to Q w

Entrance head loss in the screen and filter, He (ft) = 0.6 ft
Friction loss, Hf = 0.0006 asume 0.1 ft

Velocity of water through riser pipe, v = 0.33 ft/s Now uses rwi, not reff 75% Penetration

Velocity of water through riser pipe, v = 0.21 ft/s Now uses rwi, not reff 50% Penetration 

Velocity of water through riser pipe, v = 0.09 ft/s Now uses rwi, not reff 25% Penetration

Velocity head loss, Hv = 0.00164 ft 75% Penetration

Velocity head loss, Hv = 0.00066 ft 50% Penetration 

Velocity head loss, Hv = 0.00012 ft 25% Penetration

Total head loss, Hw = 0.6 ft 75% Penetration

Total head loss, Hw = 0.6 ft 50% Penetration 

Total head loss, Hw = 0.6 ft 25% Penetration

Repeat Step C using h av  = H av  - H w in place of H av , and determine a new value of a.
hav = 6.07 ft 75% Penetration

hav = 6.07 ft 50% Penetration 

hav = 6.07 ft 25% Penetration

Extra length or average uplift factor, Qa =
Assumed a = 86.6 ft D/a = 1.04 Qa = 0.643 75% Penetration
Assumed a = 55.0 ft D/a = 1.64 Qa = 1.012 50% Penetration 
Assumed a = 23.0 ft D/a = 3.91 Qa = 2.417 25% Penetration

Hav = 6.07 ft 75% Penetration

Hav = 6.07 ft 50% Penetration 

Hav = 6.07 ft 25% Penetration

Calculate the Well Flow, Q, for the above spacing a nd penetration

Thickness of pervious layer, D = 90.0 ft
11.3 ft/day

9608 ft3/day 75% Penetration
0.11 ft3/sec.
49.9 gpm

6102 ft3/day 50% Penetration 
0.07 ft3/sec.
31.7 gpm

2553 ft3/day 25% Penetration
0.03 ft3/sec.
13.3 gpm

Horizontal permeability of sand layer, kH  (ft/day)=

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =

3rd Iteration

Horizontal permeability of sand layer, kH  =

Well Flow, Q =

Well Flow, Q =

Well Flow, Q =
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SUMMARY OF RELIEF WELL SYSTEM USING EQUATION 5-15: SHEET 5/5

Well Spacing from analysis, a (ft) = 87 75% Penetration
Well Spacing from analysis, a (ft) = 55 50% Penetration 
Well Spacing from analysis, a (ft) = 23 25% Penetration
Well flow from Analysis, Q (gpm) = 49.9 75% Penetration
Well flow from Analysis, Q (gpm) = 31.7 50% Penetration 
Well flow from Analysis, Q (gpm) = 13.3 25% Penetration

82.5 75% Penetration
60.0 50% Penetration 
37.5 25% Penetration

Estimated Screen Length (ft) 67.5 75% Penetration
Estimated Screen Length (ft) 45.0 50% Penetration 
Estimated Screen Length (ft) 22.5 25% Penetration

Select Which Procedure Gives Lower Spacing 2 Select 1 for Equation 5-14, Select 2 for Equation 5-15
75% Penetration
DESIGN WELL SPACING (ft)= 86.6
DIAMETER OF WELL BOREHOLE (ft) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 49.9
ESTIMATED LENGTH OF RELIEF WELL (ft) = 82.5
ESTIMATED SCREEN LENGTH (ft) = 67.5

50% Penetration 
DESIGN WELL SPACING (ft)= 55.0
DIAMETER OF WELL BOREHOLE (ft) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 31.7
ESTIMATED LENGTH OF RELIEF WELL (ft) = 60
ESTIMATED SCREEN LENGTH (ft) = 45

25% Penetration
DESIGN WELL SPACING (ft)= 23.00
DIAMETER OF WELL BOREHOLE (ft) = 1.5
ESTIMATED DESIGN FLOW (GPM) = 13.3
ESTIMATED LENGTH OF RELIEF WELL (ft) = 37.5
ESTIMATED SCREEN LENGTH (ft) = 22.5

Total Length of Relief Well from Analysis (ft) =
Total Length of Relief Well from Analysis (ft) =
Total Length of Relief Well from Analysis (ft) =
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ATTACHMENT E 
 
Plot of Relief Well Spacing versus 
Percentage Aquifer Penetration  
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ATTACHMENT F 
 
Plan View End Around Effects 
Analysis Results  
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