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CONTAINMENT LINING SYSTEMS 415

C. Allowable Stress

Minimum allowable stress at yield = 2000 psi:
Fall = a-t

= 2000(0.06) = 120 lb/in. = 1440 Ib/ft

D. Comparison of Various Forces

Fd = design force = 697 lb/ft width
T = anchor trench capacity = 1300 lb/ft width

Fall = allowable force = 1440 lb/ft width

The anchor trench should be designed to:

• Resist the design force = 697 Ib/ft

• Allow the geomembrane to slip out before the allowable stress is reached

Therefore,

Fd<T<Fal1

697 < 1300< 1440 lb/ft width OK
T 1300

FS against pullout = Fd = 697 = 1.87

Fall 1440
FS against geomembrane failure = -=-6-=2.07

Fd 97

8.3.4.2 Connection/Termination. As discussed in Section 8.3.1, most land­
fill liners are constructed in phases. Adequate liner connection and termination de­
tails are therefore critical in maintaining liner continuity between phases. To pro­
vide satisfactory connection/termination details, the designer must first envision.
how the connection will be constructed, the required construction equipment ac­
cess, and how much overlap is necessary between the lining systems. Typically a
4- to 5-foot overlap is sufficient for the clay liner and 2 to 3 feet for the geosynthet­
ics. To avoid a preferential leachate flow path, the connection between clay liners
should not be vertical but rather, stair-stepped at an angle (Figure 8.26). This re­
quires some reworking of the existing clay liners but will lead to a continuous bond
between the existing and future clay liners. For future connection of geomembrane
liners, the edge of the existing geomembrane liner should be kept as clean as possi­
ble for proper seaming. This is often achieved by wrapping the final leading edge
of the geomembrane with a nonwoven geotextile prior to placing any cover materi­
als over the geomembrane.

Connection/termination details parallel to landfill sideslopes should also be con­
sidered, especially for geomembranes. Often the edge of a geomembrane is left
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BENTOMAT® DIRECT SHEAR TESTING SUMMARY 
 
The following table summarizes the direct shear testing on Bentomat that has been performed by 
CETCO and other laboratories on a project-specific basis for the past several years.  This data will 
give the designer some general information about the shear strength of commonly used GCL 
interfaces and should be the first step in evaluating a proposed liner system where slope stability is a 
concern. 
 
The variables in any direct shear test are numerous, including specimen preparation; hydration 
pressures, liquids, and sequencing, and rate of shear, and others.  Test results will vary accordingly, 
which is partially accountable for the wide range of data reported even for similar interfaces. 
 
This data is for informational purposes only and is not intended to replace project-specific interface 
testing, which CETCO emphatically recommends.  CETCO makes no warranty as to the usefulness of 
the data.  Individual test reports for most of the summarized data can be provided upon request.
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Interpretation(s) of Laboratory Generated Interface Shear Strength Data for 
Geosynthetic Materials With Emphasis on the Adhesion Value  

 
The beginning point of this W hite Paper is based on the assumption that a designer has a 
credible set of laboratory generated shear st ress versus shear displacem ent curves on  the 
desired g eosynthetic-to-geosynthetic or ge osynthetic-to-soil interface tested per ISO 
12957 or ASTM D5321, or ASTM D6243 if geosynthetic clay liners are involved.  In this 
regard we are considering having such data as shown in Figure 1.  It is clearly seen t hat 
many behavioral trends are possible. 
 
 

 
Figure 1 – Various stress versus displacement curves for different geosynthetic materials. 

(Data compliments of TRI, Golder, Precision and SGI Laboratories) 
 
 
Either th e designer or the testing laborato ry will have to genera te the  Mohr-Coulom b 
failure envelope from these curves by selecting one point on each normal stress curve and 
plotting the results on a normal stress versus shear stress curve as shown in Figure 2a.  A 
least squares fit of the data point produces the failure envelope.  Even f urther, one might 
have m ore than one such failure envelopes; peak, large displacem ent and/or residual.  
Please no te, however, that th is W hite Pap er is  not  about the selection of peak, large  
displacement or residual values and the technical literature is abundant on that subject.   
 
 



 
Figure 2a – Three point laboratory data leading to the drawing of a failure envelope and 

         subsequent measurement of friction angle and shear strength intercept  
                    (or adhesion) values. 

 
 

At any rate, to begin the presen t discussion on the in terpretation of  the  selec ted failure 
envelope, the designer is confr onted with something like that shown Figure 2a.  Here the 
data points are clearly identified and the failu re envelope is usually generated by a least 
squares fitting procedure.  The dashed exte nsion to the y-axis is of ten the  gen eral 
assumption particularly for low norm al stresses as indicated.  Note that there are indeed 
exceptions to this situation such as  curved  f ailure envelop es within th e norm al stres s 
range tested , or zero no rmal stress tests.  They are spe cial cases and w ill be discussed 
later. 
 

Interpretation #1 – Use of full “ca” and full “δ” values 
 
Assuming that the previous failure envelope is based on credible laboratory procedures, 
properly simulated insofar as representative samples, norm al stress selection, m oisture 
conditions, strain rate, etc., our recommende d approach is to use the shear strength 
parameters directly in your slope stability analysis and, if found to be adequate, for your 
materials specification c riteria as  well.  Fo r landfill cover veneer stability problems all 
GSI Members and Associate Members should have our spread sheet calculation program 
which is ex tremely easy to use.  Fo r others, there are m any computer codes availab le.  
For a hypothetical veneer slope stability example using the two shear strength parameters 
(ca and δ) from Figure 2a, the input information is as follows: 
 

Using τ = ca + σn tan δ 
one obtains: 
friction angle; δ = 20.8° 
adhesion; ca = 4.16 kPa 

Normal Stress; σn (kPa) 
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• cover soil thickness h = 0.3 m 
• slope angle β = 18.4° (3-to-1) 
• length of slope L = 30.0 m 
• unit weight of cover soil γ = 18.0 kN/m3 
• friction angle of cover soil φ = 30.0 deg 
• cohesion of cover soil c = 0.0 kN/m2 
• friction angle of interface δ = 20.8 deg 
• adhesion of interface ca = 4.16 kPa (= 87 psf) 

 
By using the program  just mentioned or sim ilar procedure, the resu lting slope factor-of-
safety value is; FS = 3.62.  This is a relatively high value and would generally be 
considered quite conservativ e.  One point worth m entioning, however, is the strong 
influence of the adhesion value on factor-of-safety.  To illustrate this, we now vary the ca-
value between zero and ten wh ile holding everything else th e sam e.  This procedure  
results in th e f ollowing table ; clear ly illus trating the sens itivity of  the FS-value to  this 
particular parameter. 
 

Adhesion; “ca” 
kPa lb/ft2 

Resulting 
FS-value 

0 
2 
4 
6 
8 
10 

0 
42 
84 
125 
167 
209 

1.18 
2.35 
3.53 
4.70 
5.80 
7.05 

 
 
Presented now is the heart of this White Paper concerning the issue of how reliable is this 
laboratory generated ca-value?  T he ultimate decision is yours as the designer, but our 
opinions on different geosynthetic materials and related interfaces are as follows: 
 

(a) For textured geom embranes against geotex tiles or so il, th e asper ities (be th ey 
manufactured as structured, blown film , or impinged) are on the m aterial giving 
rise to the high adhesion values, so we recomm end using the adhesion value 
accordingly.  Only by c ontinuously rubbing the surfaces against one ano ther can 
asperity reorientation occur and we feel this is an artifact of aggressive laboratory 
testing as has been done (and reported) using the ring shear testing device in 
particular.  Alternatively, c oncern has been expressed wh en testing at very high 
normal stresses.  The thought in both instan ces is that if you eliminate adhesion 
from textured geomembranes you are e ssentially assuming smooth geomembrane 
sheet.  This is a designer’s prerogative, but be prepared to have very gentle slopes 
in so doing.  

(b) For smooth geomembranes against other geosynthetics or soil, a small adhesion is 
often observed.  This is pa rticularly the c ase for LLDPE, fPP, EPDM, and PVC.  
Each of these geom embranes are less hard  than HDPE, and thus an indentation 
can be visualized (particularly dealing with soil) which is clearly a function of the  



applied normal stress.  Assum ing that th e appropriate norm al stresses were used 
in the direct shear test, we feel that one is generally justified in its use. 

(c) For geotextiles therm ally bonded to geonets or other type s of drainage cores, we 
feel that the full value of adhesion shoul d be used.  Most of these geocomposites 
can barely be “delaminated” in the conducting of the test and we have never heard 
of a field delam ination problem  from  a properly m anufactured geocomposite 
interface in this regard. 

(d) For the internal shear strength of reinforced GCLs, the fibers would have to pull-
out or break (or both) for a loss of a dhesion.  While you can force this to happen 
in the  lab, we have no  eviden ce o f this oc curring in th e f ield.  Tes t resu lts 
invariably show high adhesion values.  Furt hermore, longevity (durability) of the  
fibers in a hydrated bentonite atm osphere promises 100-year lifetim e, or longer.  
We have a creep-related paper in this re gard.  Thus, we see no reason not to use 
the laboratory generated value of adhesion for reinforced GCLs m anufactured by 
either needlepunching or stitching.  Of c ourse, the upper an d lower in terfaces of 
the GCLs must be independently evaluated. 

(e) For certain geosynthetic-to-soil interfaces, the in terface shear behavior may force 
the failure plane into the soil.  This results in the identification of the soil’s shear 
strength and if there is a shear strength intercept it is a  cohesion value and can be 
used accordingly. 

 
Thus, if adhesion from short- term testing is in dicated by the failure envelope and the 
long-term perm anence of the physical or m echanical m echanism giving rise to this 
adhesion is logica l to an ticipate, its use in a stability analysis and subsequent m aterial’s 
specification is felt to be generally justified. 

 
Interpretation #2 – Use of zero “ca” and full “δ” value 

 
For the situation where an adhesion is indi cated by the failure envelope and you as the 
designer feel that its long-term existence is  not justified, the most conservative approach 
you can take is to sim ply translate the entire  failure envelope in a parallel m anner down 
by the amount of adhesion indicated on the original data-generated graph; see Figure 2b. 
 
The effect of this very conservative approach on the FS-value of the sl ope is substantial.  
The shear strength is now represented by a friction angle alone and the site-specific result 
will be very flat slopes.  For exam ple, the 3-to-1 slope in the hypothetical exam ple given 
previously with an adhesion of zero, now ha s a FS = 1.18 using this approach.  For the 
interfaces mentioned previously, we do not recommend this approach.   
 
Alternatively, one could also decrease the adhe sion slightly, but not entirely.  That said, 
we really don’t know how to comment on this type of “compromise” situation? 
 



 
Figure 2b – Parallel translation downward of the entire laboratory generated failure 
                    envelope by an amount equal to the y-axis intercept, i.e., the adhesion. 

 
 

Interpretation #3 – Use of zero “ca” at zero normal stress only 
 

A hybrid interpretation som ewhere between the interpretations just presented is 
sometimes suggested, but its logic is som ewhat difficult to fathom .  In essence, the 
adhesion is lost only at zero norm al stress bu t not at higher norm al stresses.  Thus, the 
failure envelope is forced through the origin but thereafter it is based on a least squares fit 
of the laboratory tested points as they were gen erated.  Fig ure 3 illus trates the situ ation 
where the resulting friction angle is s een to be 32.2°.  For our hypothetical exam ple, this 
results in FS = 1.93.  Alternatively, and equa lly difficult to fathom , i s when onl y one 
laboratory point is generated and the failure e nvelope is forced through it and the origin.  
Both approaches are the least conservative of those mentioned in this White Paper giving 
rise to a rotation of the failure envelope and the highest friction angle possible.  The angle 
resulting from  this practice has been vari ously called “secant friction  angle”,  “sec ant 
angle”, or “modulus angle”.  Of the group, seca nt angle is probably the best description 
for this interpretation since it shouldn’t be confused with  the Mohr-Coulom b friction 
angle, and modulus brings with it completely other test procedures like tension testing. 
 
We generally do not recomm end such approaches for the reason that adhesion should be 
an intrinsic property of the interface involved and not be arbitrarily eliminated or used on 
the basis of a particular normal stress, or stresses.  (That stated, if the interface is tested at 

Using τ = ca + σn tan δ 
one obtains: 
friction angle; δ = 20.8° 
adhesion; ca = 0 

Normal Stress; σn (kPa) 
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zero normal stress and found to have zero adhesi on, the origin is a va lid point and should 
then be used accordingly). 

 

 
 

Figure 3 – Elimination of adhesion at zero normal stress but not at any of the three 
laboratory measured data points.  

 
 

Interpretation #4 – Use of the total shear strength at a particular normal stress 
 

A very straightforward appro ach to  a sp ecification v alue is to  requ ire a certain  s hear 
strength value at a particular norm al stre ss.  This is par ticularly the cas e if  the f ailure 
envelope is curved as mentioned previously.  In so  doing, a specifier is requiring a single 
point to be taken from the failure envelope which is targeted  at the expected field normal 
stress.  Figure 4 suggests that if the field nor mal stress is 17.2 kPa it results in a required 
shear strength of 10.7 kPa, or greater.  The sh ear strength value is thereby reflective of 
both a frictional component and adhesion, neither of which are specifically identified. 
 
In so doing one avoids specifying individual “c a” and “ δ” values an d m uch of the 
previous discussion is altoge ther avoided.  The m ethod can be extended to give two, or 
more, values of shear strength (or even the eq uation of the failure envelope) at different 
normal stresses in the form of a “required” table. 
 
This approach has been used by a select few designers but is far fr om common practice.   
There is nothing of a fundamental nature which says it cannot be done and it would avoid 
some of the other complications inherent with different approaches. 
  

Using τ = ca + σn tan δ 
one obtains: 
friction angle; δ = 32.2° 
adhesion; ca = 0 

Normal Stress; σn (kPa) 
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ISO 12957 or ASTM D 5321 Results 



 
Figure 4 – Use of a laboratory generated failure envelope by specifying a site-specific 

                    normal stress and requiring a minimum value of shear strength taken directly 
                    off of the y-axis. 
 
 
In summary, there are probably other or interm ediate interpretations of an interface shear 
strength failure envelope for use in design and then a subsequent specification, but those 
presented here are felt to be the most common. 

Normal Stress; σn (kPa) 
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GSE STANDARD PRODUCTS

www.gseworld.com

North America GSE Lining Technology, Inc.  Houston, Texas   800.435.2008   281.443.8564  Fax:  281.230.6739
South America GSE Lining Technology Chile S.A.  Santiago, Chile  56.2.595.4200 Fax:  56.2.595.4290
Asia Pacific  GSE Lining Technology Company Limited  Bangkok, Thailand    66.2.937.0091  Fax:  66.2.937.0097
Europe & Africa  GSE Lining Technology GmbH  Hamburg, Germany     49.40.767420  Fax:   49.40.7674234
Middle East GSE Lining Technology-Egypt The 6th of October City, Egypt  20.2.828.8888 Fax:   20.2.828.8889

MINIMUM PROPERTIES FOR GSE HD TEXTURED

Appendix B - Minimum Testing Frequencies and Properties for GSE Geomembranes

This information is provided for reference purposes only and is not intended as a warranty or guarantee. GSE assumes no liability in connection with the use of this information.  Please check with
GSE for current, standard minimum quality assurance procedures and specifications.

GSE and other trademarks in this document are registered trademarks of GSE Lining Technology, Inc. in the United States and certain foreign countries.

12
GEOMEM MQA R1/14/08

Geomembranes Manufacturing Quality Assurance Manual

NOTES:
• +Note 1:  Dispersion only applies to near spherical agglomerates.  9 of 10 views shall be Category 1 or 2.  No more than 1 view from Category 3.
• +Note 2:  10 mil average. 8 of 10 readings ≥7 mils. Lowest individual ≥ 5 mils.
• GSE HD Standard Textured is available in rolls weighing about 4,000 lb (1,800 kg). 
• (1)The combination of stress concentrations due to coextrusion texture geometry and the small specimen size results in large variation of test results. Therefore, these ten-

sile properties are minimum average values.
• (2)NCTL for HD Textured is conducted on representative smooth membrane samples.
• All GSE geomembranes have dimensional stability of ±2% when tested with ASTM D 1204 and LTB of <-77° C when tested with ASTM D 746.
• (3)Roll lengths and widths have a tolerance of ± 1%.
• *Modified.

Product Code HDT HDT HDT HDT HDT
030G000 040G000 060G000 080G000 100G000

Thickness, (minimum average) mil (mm) ASTM D 5994 every roll 29 (0.73) 38 (0.96) 57 (1.45) 76 (1.93) 95 (2.41)
Lowest individual for 8 out of 10 values 27 (0.69) 36 (0.91) 54 (1.40) 72 (1.80) 90 (2.30)
Lowest individual for any of the 10 values 26 (0.66) 34 (0.86) 51 (1.30) 68 (1.73) 85 (2.16)

Density, g/cm3 ASTM D 1505 200,000 lb 0.94 0.94 0.94 0.94 0.94
Tensile Properties (each direction)(1) ASTM D 6693, Type IV 20,000 lb

Strength at Break, lb/in-width (N/mm) Dumbell,  2 ipm 45  (8) 60 (11) 90 (16) 120(21) 150 (27)
Strength at Yield, lb/in-width (N/mm) 63 (11) 84 (15) 126 (22) 168 (29) 210 (37)
Elongation at Break, % G.L. = 2.0 in (51 mm) 100 100 100 100 100
Elongation at Yield, % G.L. = 1.3 in (33 mm) 12 12 12 12 12

Tear Resistance, lb (N) ASTM D 1004 45,000 lb 21 (93) 28 (125) 42 (187) 56 (249) 70 (311)
Puncture Resistance, lb (N) ASTM D 4833 45,000 lb 45 (200) 60 (267) 90 (400) 120 (534) 150 (667)
Carbon Black Content, % ASTM D 1603*/4218 20,000 lb 2.0 2.0 2.0 2.0 2.0
Carbon Black Dispersion ASTM D 5596 45,000 lb +Note 1 +Note 1 +Note 1 +Note 1 +Note 1
Asperity Height GRI GM 12 second roll +Note 2 +Note 2 +Note 2 +Note 2 +Note 2
Notched Constant Tensile Load(2), hr ASTM D 5397, Appendix 200,000 lb 300 300 300 300 300

Oxidative Induction Time, min     ASTM D 3895, 200° C; 200,000 lb >100 >100 >100 >100 >100
O2, 1 atm

Roll Length(3) (approximate), ft (m) Standard Textured 830 (253) 700 (213) 520 (158) 400 (122) 330 (101)
Roll Width(3), ft (m) 22.5 (6.9) 22.5 (6.9) 22.5 (6.9) 22.5 (6.9) 22.5 (6.9)
Roll Area, ft2 (m2) 18,674 15,750 11,700 9,000 7,425

(1,735) (1,463) (1,087) (836) (690)

TESTED PROPERTY TEST METHOD FREQUENCY MINIMUM VALUE

REFERENCE PROPERTY TEST METHOD FREQUENCY NOMINAL VALUE
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APPLICATION FOR PERMIT 
SUNDANCE WEST 

 
VOLUME III:  LANDFILL ENGINEERING CALCULATIONS 

SECTION 8:  SETTLEMENT CALCULATIONS 
 
 
1.0 INTRODUCTION 

Sundance West (Sundance West Facility) is a proposed Surface Waste Management Facility 

for oil field waste processing and disposal services.  The proposed Sundance West Facility is 

subject to regulation under the New Mexico Oil and Gas Rules, specifically 19.15.36 NMAC, 

administered by the Oil Conservation Division (OCD).  The Facility has been designed in 

compliance with 19.15.36 NMAC, and will be constructed and operated in compliance with a 

Surface Waste Management Facility Permit issued by the OCD.  The Facility is owned by, and 

will be constructed and operated by, Sundance West, Inc. 

 
1.1 Description 
The Sundance West site is comprised of a 320-acre ± tract of land located approximately 3 

miles east of Eunice, 18 miles south of Hobbs, and approximately 1.5 miles west of the 

Texas/New Mexico state line in the South ½ of Section 30, Township 21 South, Range 38 East 

Lea County, New Mexico (NM).  Site access will be provided via NM 18 and Wallach Lane. 

The Sundance West Facility will include two main components; a liquid oil field waste 

Processing Area (80 acres ±), and an oil field waste Landfill (180 acres ±).  Oil field wastes are 

anticipated to be delivered to the Sundance West Facility from oil and gas exploration and 

production operations in southeastern NM and west Texas.  The Site Development Plan 

provided in the Permit Plans, Volume III.1, identifies the locations of the Processing Area 

and Landfill facilities.   

 
 
2.0 DESIGN CRITERIA 

The slope of the final cover, liner and leachate collection piping after settlement must be 

consistent with the performance specifications for leachate collection and stormwater control.   
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3.0 FOUNDATION SOILS SETTLEMENT 

The methodology for estimating potential settlement involves selecting points on the landfill 

floor surface, computing the settlement at each point, and evaluating the resultant change in 

surface elevation.  The foundation soils at the Sundance West site are predominately silty sands 

and a mixture of silty sands and clayey sands (i.e., USCS Classifications, SM, SC-SM, SC).  

The Chinle Formation is present sloping from east to west at depths approximated at 32 feet (ft) 

to 42 ft below existing grade. The west third of the proposed landfill base grades will encounter 

the Chinle Formation and settlement will be negligible since the Standard Penetration Test blow 

counts for the Chinle Formation are in excess of 50, which indicates an incompressible soil.  

Attachment III.8.A provides a summary of the laboratory testing results compiled from 

samples at various depths from two geotechnical borings installed on-site.  In the calculations 

for foundation settlement, data from Measurement of Collapse Potential of Soils (ASTM 

D5333) Lab sample #9-1213-07 from GB-2 in Attachment III.8.A was used to calculate 

percentage the of settlement at various applied loads on the compressible soils below the landfill 

base grades.  As the applied load increases, the consolidation (% of initial height) also increases.  

 
Settlement was estimated at the locations (Points A13 through A34, B6, B7, B10 through 

B17,and C1 through C23) shown on the landfill cross sections (Figure III.8.1).  Points A1 

through A12, B1 through B5, and B8 & B9 were excluded based on the incompressible Chinle 

Formation. An example calculation is demonstrated at point C8 in Unit 2 on Cross Section C-

C’, where waste depth is approximately 139.30 ft.   

 
Foundation settlement will increase towards the east end of the landfill since the depth of 

compressible soil between the base grades and the Chinle Formation increases as shown in 

Figure III.8.1. 

  



PT
FINALGRADE 

(FT)

BASEGRADE 

(FT)

DEPTH 

(FT)
PT

FINALGRADE 

(FT)

BASEGRADE 

(FT)

DEPTH 

(FT)
PT

FINALGRADE 

(FT)

BASEGRADE 

(FT)

DEPTH 

(FT)

A1 3419.09 3419.09 0.00 B1 3432.28 3429.78 2.50 C1 3438.78 3436.28 2.50

A2 3440.05 3390.76 49.29 B2 3453.38 3398.12 55.26 C2 3459.34 3404.97 54.37

A3 3461.02 3359.58 101.44 B3 3474.47 3380.31 94.16 C3 3480.42 3402.97 77.45

A4 3486.00 3361.58 124.42 B4 3495.57 3378.31 117.26 C4 3505.42 3400.97 104.45

A5 3506.98 3363.58 143.40 B5 3518.87 3380.31 138.56 C5 3526.52 3402.97 123.55

A6 3520.87 3365.58 155.29 B6 3532.16 3382.31 149.85 C6 3538.54 3404.97 133.57

A7 3525.87 3367.58 158.29 B7 3537.16 3382.31 154.85 C7 3543.54 3404.97 138.57

A8 3530.88 3369.58 161.30 B8 3542.16 3380.31 161.85 C8 3548.27 3402.97 145.30

A9 3535.88 3371.58 164.30 B9 3540.75 3378.31 162.44 C9 3548.27 3400.97 147.30

A10 3539.35 3373.58 165.77 B10 3535.75 3380.31 155.44 C10 3543.27 3402.97 140.30

A11 3539.94 3375.58 164.36 B11 3530.75 3382.31 148.44 C11 3538.27 3404.97 133.30

A12 3540.53 3377.58 162.95 B12 3525.75 3382.31 143.44 C12 3533.27 3404.97 128.30

A13 3541.12 3379.58 161.54 B13 3518.82 3380.31 138.51 C13 3528.27 3402.97 125.30

A14 3541.72 3381.58 160.14 B14 3497.86 3378.31 119.55 C14 3508.62 3400.97 107.65

A15 3542.31 3383.58 158.73 B15 3476.90 3380.31 96.59 C15 3485.23 3402.97 82.26

A16 3542.90 3385.58 157.32 B16 3455.94 3382.31 73.63 C16 3462.65 3404.97 57.68

A17 3543.49 3387.58 155.91 B17 3431.65 3407.9 23.75 C17 3441.69 3414.61 27.08

A18 3544.31 3389.58 154.73

A19 3545.15 3391.58 153.57

A20 3545.98 3393.58 152.40

A21 3546.67 3395.58 151.09

A22 3547.26 3397.58 149.68

A23 3547.85 3399.58 148.27

A24 3548.40 3401.58 146.82

A25 3548.75 3403.58 145.17

A26 3549.10 3405.58 143.52

A27 3549.45 3407.58 141.87

A28 3549.98 3409.58 140.40

A29 3545.64 3411.58 134.06

A30 3540.64 3413.58 127.06

A31 3526.09 3415.58 110.51

A32 3505.13 3417.58 87.55

A33 3484.17 3419.58 64.59

A34 3461.06 3421.58 39.48

DEPTH OF LANDFILL BETWEEN FINAL GRADES AND BASE GRADES

PT
BASEGRADE 

(FT)

CHINLE 

FORMATION 

(FT)

DEPTH 

(FT)
PT

BASEGRADE 

(FT)

CHINLE 

FORMATION 

(FT)

DEPTH 

(FT)
PT

BASEGRADE 

(FT)

CHINLE 

FORMATION 

(FT)

DEPTH 

(FT)

A1 3419.09 3419.09 0.00 B1 3429.78 3476.07 46.29 C1 3436.28 3477.91 41.63

A2 3390.76 3390.76 0.00 B2 3398.12 3413.54 15.42 C2 3404.97 3416.09 11.12

A3 3359.58 3359.58 0.00 B3 3380.31 3380.31 0.00 C3 3402.97 3412.45 9.48

A4 3361.58 3361.58 0.00 B4 3378.31 3378.31 0.00 C4 3400.97 3408.27 7.30

A5 3363.58 3363.58 0.00 B5 3380.31 3380.31 0.00 C5 3402.97 3413.66 10.69

A6 3365.58 3365.58 0.00 B6 3382.31 3383.58 1.27 C6 3404.97 3419.29 14.32

A7 3367.58 3367.58 0.00 B7 3382.31 3383.40 1.09 C7 3404.97 3421.15 16.18

A8 3369.58 3369.58 0.00 B8 3380.31 3380.31 0.00 C8 3402.97 3418.97 16.00

A9 3371.58 3371.58 0.00 B9 3378.31 3378.31 0.00 C9 3400.97 3416.78 15.81

A10 3373.58 3373.58 0.00 B10 3380.31 3382.96 2.65 C10 3402.97 3422.36 19.39

A11 3375.58 3375.58 0.00 B11 3382.31 3386.94 4.63 C11 3404.97 3426.36 21.39

A12 3377.58 3377.58 0.00 B12 3382.31 3386.93 4.62 C12 3404.97 3426.37 21.40

A13 3379.58 3379.78 0.20 B13 3380.31 3382.92 2.61 C13 3402.97 3422.37 19.40

A14 3381.58 3383.18 1.60 B14 3378.31 3378.91 0.60 C14 3400.97 3418.38 17.41

A15 3383.58 3386.59 3.01 B15 3380.31 3382.89 2.58 C15 3402.97 3422.38 19.41

A16 3385.58 3389.99 4.41 B16 3382.31 3386.88 4.57 C16 3404.97 3426.38 21.41

A17 3387.58 3393.40 5.82 B17 3407.9 3438.72 30.82 C17 3414.61 3445.67 31.06

A18 3389.58 3396.80 7.22

A19 3391.58 3400.27 8.69

A20 3393.58 3403.79 10.21

A21 3395.58 3407.30 11.72

A22 3397.58 3410.82 13.24

A23 3399.58 3414.34 14.76

A24 3401.58 3417.86 16.28

A25 3403.58 3421.37 17.79

A26 3405.58 3424.89 19.31

A27 3407.58 3428.41 20.83

A28 3409.58 3431.92 22.34

A29 3411.58 3435.44 23.86

A30 3413.58 3438.96 25.38

A31 3415.58 3442.47 26.89

A32 3417.58 3445.99 28.41

A33 3419.58 3449.48 29.90

A34 3421.58 3452.82 31.24

DEPTH OF FOUNDATION SOILS BETWEEN BASE GRADES AND CHINLE FORMATION
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Point C8 
 
Foundation Soil Settlement 
 

Thickness of Waste = 139.30 ft 
 

Unit Weight of Soil = 105 lb/ft3 
 

Unit Weight of Waste = 74 lb/ft3 
 

∆σ=[(139.30’)(74 lb/ft3)+(2’)(105 lb/ft3)+(1’)(105 lb/ft3)+(3’)(105 lb/ft3 )]/2000 
lbs/ton = 5.47tons/ft2; thus, approximate consolidation is 4.8%. 

 
Ho= 16.00 ft, this is the depth of soil between the landfill base grade and the Chinle 
Formation.  

 
Foundation Settlement = (.048)(16 ft) = 0.768 ft 

 
The angular distortion between points C7 and C8 is determined as follows: 
 

%100*
)( 78 =

=
−

=
100'  distance

SettlementSettlement
Distortion CC  

 

%004.0100*
100

)764.0768.0(
=

−
−

=
ft

ftftDistortion  

 
 
A summary of potential foundation soils settlement is provided in Tables III.8.1 – III.8.3.  The 

angular distortion between each point is calculated as above.  The maximum angular distortion 

of the foundation soils on the floor of the landfill is 0.182% between points C5 and C6 on cross 

section C-C’.  Therefore, after settlement, the slope of the liner on the landfill floor will be 2.8% 

- 0.182% = 2.62%. The slope of the leachate collection pipe will be the settlement that occurs 

on cross section A-A’, and the maximum angular distortion occurs between points A19 and 

A20 on the floor of the landfill, which is 0.074%. Therefore after settlement, the slope of the 

leachate collection pipe will be 2.0% - 0.074% = 1.93%.  These slopes will ensure that the 

design and performance standards for the leachate collection system will be met. 
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TABLE III.8.1 
Sundance West 

Settlement and Angular Distortion of Foundation Soils Between  
Points Cross Section A-A’ 

 
Point 

Location 

Total 
Settlement 

(feet) 

Distance 
between points 

(feet) 

Angular 
Distortion 

(%) 

Distortion 
Direction 

A13 0.010    
  100 0.070 ▼ 

A14 0.080    
  100 0.071 ▼ 

A15 0.151    
  100 0.070 ▼ 

A16 0.221    
  100 0.068 ▼ 

A17 0.289    
  100 0.069 ▼ 

A18 0.358       
    100 0.070 ▼ 

A19 0.428       
    100 0.074 ▼ 

A20 0.502       
    100 0.070 ▼ 

A21 0.572       
    100 0.074 ▼ 

A22 0.646       
    100 0.068 ▼ 

A23 0.714       
    100 0.074 ▼ 

A24 0.788       
    100 0.066 ▼ 

A25 0.854       
    100 0.073 ▼ 

A26 0.927    
  100 0.065 ▼ 

A27 0.992    
  100 0.062 ▼ 

A28 1.054    
  100 0.053 ▼ 

A29 1.107    
  100 0.053 ▼ 

A30 1.160    
  100 0.012 ▼ 

A31 1.172    
  100 -0.019 ▲ 

A32 1.153    
  100 -0.107 ▲ 

A33 1.047    
  100 -0.154 ▲ 

A34 0.894    
Notes: 

Points Correspond to Figure III.8.1 
▲ = potential upward distortion 
▼ = potential downward distortion 
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TABLE III.8.2 
Sundance West 

Settlement and Angular Distortion of Foundation Soils Between  
Points Cross Section B-B’ 

 
Point 

Location 

Total 
Settlement 

(feet) 

Distance 
between points 

(feet) 

Angular 
Distortion 

(%) 

Distortion 
Direction 

B1 0.000       
    100 0.614 ▼ 

B2 0.503       
    100 -0.614 ▲ 

B3 0.000       
    100 0.000 ▲ 

B4 0.000       
    100 0.000 ▲ 

B5 0.000       
    100 0.062 ▼ 

B6 0.062       
    100 -0.008 ▲ 

B7 0.054       
    100 -0.054 ▲ 

B8 0.000       
    100 0.000 ▲ 

B9 0.000    
  100 0.131 ▼ 

B10 0.131    
  100 0.093 ▼ 

B11 0.224    
  100 -0.004 ▲ 

B12 0.222    
  100 -0.098 ▲ 

B13 0.123    
  100 -0.095 ▲ 

B14 0.027    
  100 0.081 ▼ 

B15 0.108    
  100 0.063 ▼ 

B16 0.175    
  100 0.600 ▼ 

B17 0.771    
Notes: 

Points Correspond to Figure III.8.1 
▲ = potential upward distortion 
▼ = potential downward distortion 
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TABLE III.8.3 
Sundance West 

Settlement and Angular Distortion of Foundation Soils Between  
Points Cross Section C-C’ 

 
Point 

Location 

Total 
Settlement 

(feet) 

Distance 
between points 

(feet) 

Angular 
Distortion 

(%) 

Distortion 
Direction 

C1 0.000       
    100 0.363 ▼ 

C2 0.363       
    100 0.007 ▼ 

C3 0.370       
    100 -0.056 ▲ 

C4 0.314       
    100 0.168 ▼ 

C5 0.482       
    100 0.182 ▼ 

C6 0.664       
    100 0.100 ▼ 

C7 0.764       
    100 0.004 ▼ 

C8 0.768       
    100 -0.003 ▲ 

C9 0.765    
  100 0.150 ▼ 

C10 0.915    
  100 0.078 ▼ 

C11 0.993    
  100 -0.015 ▲ 

C12 0.978    
  100 -0.097 ▲ 

C13 0.881    
  100 -0.127 ▲ 

C14 0.754    
  100 0.019 ▼ 

C15 0.773    
  100 -0.058 ▲ 

C16 0.715    
  100 0.099 ▼ 

C17 0.814    
Notes: 

Points Correspond to Figure III.8.1 
▲ = potential upward distortion 
▼ = potential downward distortion 
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4.0 WASTE SETTLEMENT CALCULATIONS 

The methodology to estimate cover surface settlement involves selecting points on the cover 

surface, computing the settlement at each point, and evaluating the resulting change in surface 

elevation.  Points were selected from a cross sections A-A’, B-B’, and C-C’ (Figure III.8.1).  

Qian, et al., (Attachment III.8.B) present a method developed by Sowers (1973) for 

determining settlement in landfills.  This method is based on general soils consolidation theory, 

which relates settlement to layer thickness and changes in void ratio. 

 
The primary settlement is estimated using equation 12.8 (Attachment III.8.B, p. 451): 
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c
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Where:  δc= Primary settlement 

𝐶𝐶𝑐𝑐
1+𝑒𝑒𝑜𝑜

 =  0 .006 (Attachment III.8.C, p. 393, Dr=80%) 
  Ho = Initial thickness of the waste layer before settlement (Figure III.8.1) 
  eo = Waste void ratio before settlement= 0.4 (Attachment III.8.C, p. 105) 

σo = Total overburden pressure applied at the mid level of the waste layer  
∆σ= increment of overburden pressure due to vertical expansion or other extra 
load. 

 
Long-term secondary settlement is estimated by equation 12.10 (Attachment III.8.B, p.451): 
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Where:  δs= secondary settlement = Ho - δc 
𝐶𝐶𝑟𝑟
1+𝑒𝑒𝑠𝑠

  = Secondary compression index = 1
3
( 𝐶𝐶𝑐𝑐
1+𝑒𝑒𝑜𝑜

) then (.333)(.006) = 0.002 
(Attachment III.8.C, p. 393) 
Hs = Waste thickness at start of secondary settlement = Ho- δc (Figure III.8.1) 

  es = Waste void ratio = 0.4 (Attachment III.8.C, p. 105) 
  t1= starting time of secondary settlement (year 1) 
  t2= ending time of secondary settlement = Assume 30 years 
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Settlement is estimated at the locations (Points A1 through A34, Points B1 through B17, and 

C1 through C17) shown on the landfill cross sections (Figure III.8.1).  An example calculation 

is demonstrated at point C8. 

 
Point C8 
 
Primary Waste Settlement 
 

oo

c
o  log

e1
C

H
σ

σσ
δ

∆+
+

= o
C  

 
Thickness of Waste = 139.30 ft 

 
Thickness of Intermediate and Final Cover = 1 ft + 3 ft= 4 ft 

 
Unit Weight of Soil = 105 lb/ft3 

 
Unit Weight of Waste = 74 lb/ft3 

 
∆σ= (3’)(105 lb/ft3)+(1’)(105 lb/ft3)=  420 lb/ft2 
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Secondary Waste Settlement 
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Hs= 139.30 ft – 0.028 ft = 139.272 ft 
 
𝛿𝛿𝑠𝑠 = 139.27(0.002) log 30

1
 =0.411 ft 

 
 Total waste settlement = 0.028 ft + .411 ft = 0.439 ft. 
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Primary Protective Soil Layer Settlement 
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Thickness of Protective Soil Layer (PSL) = Ho = 2 ft;  

 
Thickness of Intermediate and Final Cover = 4 ft; 

 
Thickness of Waste = 139.30 ft; 

 
Unit Weight of Soil = 105 lb/ft3 Dry Density; 

 
Unit Weight of Waste = 74 lb/ft3 Dry Density; 

 
∆ σ = (139.30 ft)(74 lb/ft3) + (4 ft)(105 lb/ft3)=  10,728.20 lb/ft2; 
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Secondary Protective Soil Layer Settlement 
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Ho= 2’ – 0.024’ = 1.975’; 
 

( ) ftS 006.0
1
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Total protective soil layer settlement = 0.024 ft + 0.006 ft = 0.029 ft. 

 

The cover soil layer consisting of vegetative, barrier and intermediate cover layers will also 

experience nominal consolidation due to its own weight.  The method for evaluating settlement 

of the soil cover and cushion layers is based on equation 12.10 (Attachment III.8.B, p.451). 
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Secondary Cover Soil Layer Settlement 
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Total cover soil layer settlement = 0.012 ft. 

 
The maximum settlement of waste is the sum of primary and secondary settlement at point C8.  

The waste settlement is equal to 0.439 ft.  The soil cover layer settlement is equal to 0.012 ft.  

The protective soil layer settlement is equal to 0.029 ft. The foundation soil settlement is equal 

to 0.768 ft.  The maximum total settlement that could occur at Point C8 on the final cover of 

the landfill is the sum of the waste settlement, protective soil layer settlement, cover settlement 

and foundation soil settlement, i.e.: 0.439 ft + 0.012 ft +0.029 ft+ 0.768 ft = 1.248 ft.  The 

methodology used to determine settlement at point C8 was used to find the settlement of points 

for cross sections A-A’, B-B’ and C-C’.  The total settlement of points for cross sections A-A’, 

B-B’ and C-C’ and the angular distortion between them is provided on Table III.8.4 through 

Table III.8.6.  The maximum angular distortion at the level of the top of final cover occurs 

between points C9 and C10 and equals 0.129%. Therefore, after conservative assumptions for 

settlement, the minimum slope of the final cover will be 5.00% - 0.129% = 4.87%. 

 
 
5.0 CONCLUSION 

Settlement projections have been calculated for the landfill foundation and for the landfill cover.  

Settlement estimates include elastic deformation and both primary and secondary consolidation 

in the foundations soils, in the waste, and in the cover materials. Settlement increases to the east 

since the elastic soil between the base grades and the Chinle Formation increase in depth. 
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The maximum height of the waste and cover occurs at Point A10 in Unit 2 on cross section A-

A’ on Figure III.8.1.  Total depth of waste and cover at this point is approximately 165.77 ft.  

Based on engineering analysis, the settlement under the weight of the waste and soils at Point 

A10 is expected to be 0.543 ft.   

 
Final cover slope after hypothetical settlement is equal to the landfill design top of cover minus 

the maximum angular distortion between Points C9 and C10: 5.00% - 0.129%= 4.87%.  

Similarly, after settlement between Points C5 and C6, the slope of the liner on the landfill floor 

will be 2.8% - 0.182% = 2.62%, and between Points A19 and A20, the slope of the leachate 

collection pipe will be 2.0% - 0.074% = 1.93%.   

 
The slope of the final cover and liner after settlement is consistent with the performance 

specifications for leachate collection system and stormwater controls.   
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TABLE III.8.5 
Sundance West 

Total Settlement and Angular Distortion Between  
Points Cross Section B-B’ 

 

Point 
Location 

Total 
Settlement 

(feet) 

Distance 
between points 

(feet) 

Angular 
Distortion 

(%) 
Distortion 
Direction 

B1 0.026       
    100 0.685 ▼ 

B2 0.711       
    100 -0.383 ▲ 

B3 0.328       
    100 0.070 ▼ 

B4 0.398       
    100 0.064 ▼ 

B5 0.462       
    100 0.096 ▼ 

B6 0.558       
    100 0.007 ▼ 

B7 0.565       
    100 -0.034 ▲ 

B8 0.531       
    100 0.002 ▼ 

B9 0.533    
  100 0.111 ▼ 

B10 0.644    
  100 0.072 ▼ 

B11 0.716    
  100 -0.017 ▲ 

B12 0.699    
  100 -0.113 ▲ 

B13 0.586    
  100 -0.153 ▲ 

B14 0.433    
  100 0.013 ▼ 

B15 0.446    
  100 -0.002 ▲ 

B16 0.444    
  100 0.444 ▼ 

B17 0.888    
Notes: 

Points Correspond to Figure III.8.1 
▲ = potential upward distortion 
▼ = potential downward distortion 
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TABLE III.8.6 
Sundance West 

Total Settlement and Angular Distortion Between  
Points Cross Section C-C’ 

 

Point 
Location 

Total 
Settlement 

(feet) 

Distance 
between points 

(feet) 

Angular 
Distortion 

(%) 
Distortion 
Direction 

C1 0.016       
    100 0.551 ▼ 

C2 0.567      
    100 0.078 ▼ 

C3 0.645      
    100 0.026 ▼ 

C4 0.671      
    100 0.226 ▼ 

C5 0.897      
    100 0.212 ▼ 

C6 1.109      
    100 0.115 ▼ 

C7 1.224      
    100 0.024 ▼ 

C8 1.248      
    100 0.003 ▼ 

C9 1.251    
  100 0.129 ▼ 

C10 1.380    
  100 0.057 ▼ 

C11 1.437    
  100 -0.030 ▲ 

C12 1.407    
  100 -0.106 ▲ 

C13 1.301    
  100 -0.180 ▲ 

C14 1.121    
  100 -0.058 ▲ 

C15 1.063    
  100 -0.133 ▲ 

C16 0.930    
  100 0.001 ▼ 

C17 0.931    
Notes: 

Points Correspond to Figure III.8.1 
▲ = potential upward distortion 
▼ = potential downward distortion 
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each of Quick Foam
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188 Chapter 6 Engineering Properties of Municipal Solid Waste

TABLE 6.5 Index Properties of Solid Waste

lb/nJ kN/mJ

Rovers and Farquhar (1973) 59 9.3
Fungal'Oli (1979) 63 9.9
Wigh (1979) 73 11.5

Walsh ancl Kinman (1979) 90 14.1
Walsh ancl Kinman (1981) 89 14.0
Schroeder et al. (1984a, b)
Oweis et al. (1990) 40 to 90 6.3 to 14.1
Schroeder e t al. (1994a, b)
Zornberg et al. (1999) 64 to 95 10 to 15

Source
Unit Weight

Volumetric
Moisture Content

0.16
0.05
0.08
0.17
0.17
0.28

0.10 to 0,20
0.29
0.30

Porosity

0,52
0.40 to 0,50

0,67
0.49 to 0.62

Void Ratio

1.08
0.67 to 1,0

2.03
1.02 to 1.65

Based on its constituent composition the average moisture content of the soHeI
waste shown in Table 6.4 can be calculated as follows:

tUli = [(60.0)(10.4) -I- (50,0)(19.1) + (20,0)(34,6) -I- (10.0)(6.0) + (15.0)(5.0)
+ (1.5.0)(9.5) + (2.0)(4,0) -I- (2.0)(7.2) -I- (8.0)(2,8) -I- (3.0)(1.4)]/100

= (624 -I- 955 ·1.. 692 + 60 + 75 + 142.5 + 8 + 14.4 + 22.4 + 4.2)1100

= 2597.5/100

= 26.0%

Thus, the average dry gravimetric moisture content of the solid waste shown in
Table 6.4 is 26.0%.

More information about the moisture content of solid waste can be found in
Table 6.5, It should be noted that the values.of moisture content listed in Table 6.5 are
calculated on a volume basis and differ from those calculated on a weight basis, which
is more common to geotechnical analyses,

6.4 POROSITY OF MUNICIPAL SOLID WASTE

Porosity is defined as the ratio of the volume of voids to the total volume occupied by a
solid wast.e or soil. Void ratio is defined as the ratio of the volume of voids to t.he vol­
UIne of solids. Porosity can be related to the void ratio by using the relationships

e
n=--­

1 -I- e

and

n
e=---

1 - n

where n = porosity of solid waste; and
e = void ratio of solid waste,

(6,7)

(6,8)
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The porosity of MSW varies typically from 0.40 to 0.67 depending on the com­
paction and composition of the waste. For comparison, a typical compacted clay liner
material will have a porosity of about 0.40. Table 6.5 shows a summary of the index
properties of municipal solid waste, which includes initial volumetric moisture content,
initial porosity, initial void ratio and unit weight data.

6.5 HYDRAULIC CONDUCTIVITY OF MUNICIPAL SOLID WASTE
\

Proper assessment of the hydraulic conductivity of municipal solid waste is important
in the design of leachate collection systems and in leachate recirculation planning par­
ticularly for bioreactor landfills (see Chapter 15). The hydraulic conductivity can be
measured using a field leachate pumping test and a large-scale percolation test in test
pits or by using large-diameter permeameters in the laboratory.

Hydraulic conductivity measured in test pits at several landfills in Canada by
Landva and Clark (1990) is plotted against unit weight in Figure 6.3. The values shown
are based on an intermediate stage of water level recession, after the flow had stabi­
lized and before allY debris could clog the voids, The measured coefficients of
hydraulic conductivity (1,0 X 10--3 to 4,0 X 10-2 em/sec) correspond to those associ..
ated with clean sand and graveL Qian (1994) used three-year field data from an active
landfill in the state of Michigan to develop a relationship between precipitation and
leachate volume from a primary leachate collection system with time. With this infor­
mation, the hydraulic conductivity of the waste can be calculated based on the water
travel time, hydraulic gradient, and waste thickness, The hydraulic conductivity calcu­
lated in this way was estimated to be about 9.2 X 10-- l1 to 1.1 X '10-3 cm/sec. Table 6,6
summarizes the hydraulic conductivity of different types of MSW taken from the
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FIGURE 6,3 Ullit Weight ancl Permeability (from Percolation) as Measured in
Landfill Test Pits (Landva ancl Clark, 1990)
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FIGURE 6.9 Compressive
Strain versus Log Pressure for
Various Landfills in Canada
(Landva and Clark, 1990)

Pressure, kPa

K1: Cc' ~ 0.17 (p ~ 20 -.- 200 lcPa) 0: Ce' ~ 0.21 (p ~ 100 - 400 !cPa)
Ef\: Cd ~ 0.35 (p ~ 80 - 200 !cPa) E N13: Ce' ~ 0.36 (p =100 - 400 kPa)
H: Cc' ~ 0.22 (p = 80 - 200 lcPn)

cans; the lower values are for the less resilient materials. The maximum Cc for peat is
about one-third greater than the maximum observed for waste fills,

Lanc1va and Clark (1990) found that the coefficient of secondary consolidation,
Ceo (the gradient of the compression versus log time relationship) was in the range 0,2
to 3.0 percent per log cycle time, depending on the type of waste involved, Field testing
results using a settlement platform (Keene, 1977) showed that the coefficient of sec­
ondary consolidation, C"" varies between 0.014 and 0.034. Too few tests have been car­
ried out for any firm relationship to be established between the value of Ca and the
type of waste, but it does appear that Ca increases with increasing organic content.
Sowers (1973) pointed that the coefficient of secondary consolidation, C'r! is also a

FIGURE 6.10 Compressibility of MSW
Landfills (Sowers, 1973)

o
o



Section 6,8 Compressibility of Municipal Solid Waste 203

FIGURE 6,11 Secondary
Compression of MSW Landfills
(Sowers, 1973)
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function of the void ratio, as shown in FigUl'e 6,1.1. I,'or any given void ratio) there is a
large range in C", related to the potential for physico-chemical and bio--chemical decay.
The value is high if the organic c'ontent subject to decay is large and the environment is
f,1Vorable: namely, warm, moist, with fluctuating water table that pumps fresh air into
the fill. The value is low for mOTe inert materials and an unfavorable environmt~nt.

More research and data are necessary before this relationship can be defined more
closely.

The 1110st widely reported compressibility parameter is the modifi.ed secondary
compression index (C,:), The reported values of C; range from 0.001 to 0,59, The low­
est value represents the compressibility of a landfill that had been subjected to
dynamic compaction. For typical landfills the lower limit of C; is generally around O.D:!.
to 0.03. This compares to 0,005 to 0,02 for common clays (Holtz and Kovacs, 1981.),
Fasset et a1. (1994) observed that the typical upper limit of C~ appears to be approxi­
mately 0.1..

According to Yen and Scanlon (1975), the settlement-rate of waste increases with
depth, hence larger values of C,~ should be associated with thicker fills. They observed
that this effect leveled off at about 90 ft. and suggested that conditions within the land­
fill at great depths limit the biologi.cal activity to anaerobic decompositi.on, which is
much slower than the aerobic decomposition believed to occur in shallower fills.

The values of C", and C.Ulee Cc ancl C~, are c1ependellt on the values used for eo
or Ho. The vnlue of C,~ is also dependent on stress level, time, and Oll how the origin of
time is selected, The waste placement or filling period for landfills is often long and
should be takell into consideration for settlement rate analyses (Yen and Scanlon,
1975), The zero time selection has a large impact on C; particularly during earlier
phase\'. of a landfill (FasRett et a1., 1994)

An additional problem with determining C~ is the fact that this parameter is gen­
erally not constant. Edgers (1.992) presents settlement log-time clata fro111 22 case his­
tories (shown in Figure 6,12), The majority of the curves show a relatively flat slope
(i.e, low C; values) at small times, but at larger times the slope greatly increases
(Figure 6.13), They attributed the higher slopes in the later stages of compression to
increasing decomposition, but it may simply be an artifact of the log-time scale. It is
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d = diameter of perforated hole or width of perforated slot on the pipe, in
or m; and

n = number of perforated holes or slots per row per foot of pipe.

Pipe stiffness is measured according to ASTM D2412 (Standard Test Method for
External Loading Properties of Plastic Pipe by Parallel-Plate Loading). The elastic
modulus of the pipe material depends on the type of resin and formulation being used.
Three formulas that can be used to calculate pipe stiffness are

. E·/\ PS = ---,-
0.149. 1'3

PS = O.559·E·(t/r?

(9.24)

(9.25)

and

where

E
PS = 4.47· (SDR _ 1)3 (9.26)

PS = pipe stiffness, Ib/in2 or kN/m2
;

E = elastic modulus of the pipe material, Ib/i1l2 or kN/m2
;

/ = moment of inertia of the pipe wall per unit length,
I = t3/12, in4/in :=:,. in3 or m'l/m = m3

;

r = mean radius of pipe, in or m;
t = wall thickness of pipe, in or m; and

SDR = standard climellsion ratio, the same as the dimension ratio.

The allowable deflection ratios for a typical commercial polyethylene pipe are
listed in Table 9.4.

Deflections of buried flexible pipe are commonly calculated using Equation 9.16
or 9.21. These equations use the soil reaction modulus, E', as a surrogate parameter
for soil stiffness. It should be noted that the values of E' in Table 9.3 only apply for soil
fills of less than 50 ft (15 m). However, megafills built over leachate collection pipes
often exceed 150 ft (46 m) in height. The soil reaction modulus is not a directly mea··
surable soil parameter; instead it must be determined by back..calculation llsing
observed pipe deflections. Research by Selig (1990) showed that E' is a function of the
bedding condition and overburden pressure. Selig's studies were carried out to seek a
correlation between the soil reaction modulus and soil stiffness parameters such as

TABLE 9.4 A!lmx:able Deflection Ratio of Polyethylene Pipe

SDR Allowable Deflection Ratio

11 2.7%
13.5 3.4%
15.5 3.9%
U 42%
19 4.7%
n 52%
26 6.5%
32.5 8.1%
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Young's modulus of soil, Es, and the constrained modulus of soil, Ms' where Es and Ds
are related through Poisson's ratio of soil, 11s, by

E '(1 - v)M = s S

s (1 + vs)(l - 2.vs)

where Ms = constrained modulus of soil, lb/ff or kN/m2 ;

Es = elastic modulus of soil, lb/ff or lcN/m2; and
Vs = Poisson's ratio of soil.

(9.27)

The studies and analyses by Neilson (1967), Allgood ancl Takahashi (19'72), ancl
Hartely and Duncan (1987) indicated that for

(9.28)

the value of Ie may vary from 0,7 to 2.3, Using k = 1.5 as a representative value and
lIs = 0.3, in addition to combining Equations 9.27 and 9.28 yields the following rela­
tionship between the elastic modulus of the pipe and soil (Selig, 1990):

(9.29)

The values of elastic parameters, Es and vs , can be found in Table 9.5 according to dif­
ferent percents of density from a standard Proctor compaction test (ASTM D698).

TABLE 9.5 Elastic Soil Parameters (Selig, 1990)

85% Standmcl Density 95% Standard Density
Soil Type

Stress Level Es E,

psi kPa psi MPa I', psi MPa JI,

1 7 1,300 9 0.26 1,600 11 0.40
5 35 2,100 14 0.21 4,100 28 0.29

10 70 2,600 18 0.19 6,000 41 0.24

SW, SP, GW, OP 20 140 3,300 23 0.19 8,600 59 0,23

40 280 4,100 28 0.23 13,000 90 0,25

60 420 4,700 32 0,28 16,000 11.0 0.29

1 7 600 4 0,25 l,ROn 12 0.34

5 35 700
,

5 0.24 2,500 17 0.29

OM, SM, ML, and 10 70 800 6 0.23 2,900 20 OXI
Ge, se with < 20% fines 20 140 850 6 0,30 3,200 22 0.29

40 280 900 6 0.38 3,700 25 0.32

60 420 1,000 7 0041 4,100 28 0.35

1 7 100 1 0,33 400 3 0,42

5 35 250 2 0.29 800 6 0.35

10 70 400 3 0,28 1,100 8 0.32
eL, MH, Ge, se 20 140 600 4 0.25 1,300 9 0.30

40 280 700 5 0.35 1,400 10 0.35

60 420 800 6 0040 1,500 10 0.38
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Table 12.2 Comparison of Settlement and Construction Period (Yen and Scanloll, 1975)

Range of Fill Depth
Ufo feet, (meter)

40 to 80 (12 to 24)
40 to 80 (12 to 24)
80 to 100 (24 to 30)
80 to 1.00 (24 to 30)

Average Construction
Period, Ie (month)

12.
n
12,
11

Total Time Required
for Construction and
Settlement (months)

l:l3
324
245
310

Approximate Time
Required for Settlemenl

to Complete (month)

101
252
233
238

Used with permission of ASCE.

'12.4 ESTIMATION OF LANDFILL SETIlEIVtENT

The usual laboratory tests for soil consolidation testing are not well suited for obtain­
ing accurate consolidation parameters for solid waste that has a heterogeneous com­
position and extremely large particle sizes. By analyzing the field settlement data from
some large-scale pilot landfill ce.lls, Sowers (1973) proposed an alternative method to
estimate the amount of the landfill settlement. In recent years, this method has been
revised and refined several times by other investigators.

The settlement of solid waste includes primary settlement and long-term sec­
ondary compression. The total amount of settlement is given by the expression

I1H =.= D...Hc + l1I-J.a

where D.H = total settlement of solid waste;
D..I-J.o = primary settlement of solid waste;
D.H" = long-term secondary settlement of solid waste.

12.4.'1 Settlement o'f New Solid Waste

(12.3)

Based on the procedure proposed by Sowers (1973), the equations that follow can be
llsed to calculate the settlement for new landfilled solid waste. The Initial p rimal'y set­
tlement is given by

or

H o CTj

6.I1 = C'--'log--
o c 1 + eo :> U o

U'
D.H = C' ·II 'log--'-o 0 0 U

o

(12.4)

(12.5)

where 6.11c --" primary settlement;
eo = initial void ratio of the waste layer before settlement;

Ho = initial thickness of the waste layer before settlement;
Co = primary compression index (recall Figure 6.10);
C~ == modified primary compression index, C~ = 0.17 ~ 0.36;
a 0 = previously applied pressure in the waste layer (assumed equal to the

compaction pressure, (To = 1,000 lb/ff 01' 48 kN/m2
);

(rj = total overburden pressure applied at the mid level of the waste layer.
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The previous compaction pressure applied on the solid waste layer during place­
ment with compaction equipment is assumed to be 1.,000 lblft2 (48 kN/m2) based on
1973 compaction efforts for municipal solid waste landfills, In other words, the waste
that has been placed in the landfill is essentially incompressible at normal pressure
below 1,000 lb/ff (48 kN/m2

) due to the preconsolidation effect caused by previous
compaction of the material. The value of the previously applied pressure, (J" 0' should
be changed during estimation of settlement if the compaction effort is much lower or
higher than 1,000 Ib/ft2 (48 kN/m2

) for a specific landfill project. Indeed, current prac­
tices of using waste compactors in the 100 to 150 U.S, tons (900 to 1.,300 kN) range will
significantly increase the value of (J"0'

The long-term secondary settlern.ent can be obtained from

H o t2liHa == C,,'-.---·-·log-
1. + eo t1

or

(1.2.6)

(12,7)

where f:"fI" == long-term secondary settlement;
eo == initial void ratio of the waste layer before settlement;

fIo == initial thickness of the waste layer before settlement;
Ca = secondary compression index (recall Figure 6.11.);
C~ = modified secondary compression indt~x, C~ == 0,03 ~ 0.1;
t1 == starting time of the time period for which long..term settlement of the

layer is desired, t1 = 1. month;
t2 = ending time of the time period for which long-term settlement of the

layer is desired.

Because a standard consolidation test method for solid waste has not yet been
developed, the selection of waste compression indices are mainly based on experience
and limited field elata. The value of the primary compression index Cc can be selected
from Figure 6.10 based on the initial void mtio and organic content of the solid waste.
The value of the secondary compression index Ca can be selected from Figure 6,1.1.
based on the initial void ratio of the waste and the decomposition conditions.

Generally, the initial void ratio of municipal solid waste placed in a landfill after
compaction is quite difficult to determine, an.d hence the values of the primary com­
pression index Cc and the secondary compression index Ca cannot be estimatedreac\i1y
for settlement analysis, Accordingly, an alternative approach has been used in engi­
neering practice-namely, the use of a "modified" primary compression index C~ and
a "modified" secondary compression index C~, Based on experience, the value of the
modified primary compression index C~ varies from 0.17 to 0,36, and the value of the
modified secondary compression index C~ varies from 0,03 to 0.1 for municipal solid
waste (depending on the initial compaction effort and composition of the solid waste).
The value of the modified secondary compression index C~ for common clay ranges
from 0.005 to 0,02" Therefore, the secondary settlement for municipal solid waste is
approximately five to six times that of common clay,
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12.4.2 Settlement of Existing Solid Waste

The following equations can be used to calculate the settlement of an existing soliel
waste landfill caused by vertical expansion (Chapter 1.4) or other additional extra load­
ing, such as a light structure on a raft foundation.

The primary settlement is obtained by

H u -I- flu
flH = C .----o-·log-~--

• c 1. -I- eo uo

or

(12.8)

(12.9)

where flHc = primary settlement;
eo = initial void ratio. 9f the waste layer before settlement;

lIo = initial thickness of the waste layer of the existing landfill;
Cc = primary compression index;
C~ = modified primary compression index, C~ = 0.17 ~ 0.36;
u 0 = existing overburden pressure acting at the mid level of the waste

layer;
!lu = increment of overburden pressure due to vertical expansion or other

extra load. '

The long-term. secondary settlement is given by

(12.1.0)

or

(12.11)

where fl H r.\' = secondary settlement;
eo = initial void ratio of the waste layer before starting :-;econdary

settlement;
flo = initial thickness of the waste layer hefore starting secondary

settlement;
Cr, = secondary compression index;
C~ :=: modified secondary compression index, C~ :=: 0.Q3 ~ 0.1;
t1 = starting time of the secondary settlement. It ls assumed to be equal to

the age of the existing landfill for vertical expansion project;
t2 :=: ending time of-the secondary settlement.
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(e,g" temperature within landfill and oxygen reaching the waste) still is not entirely
clear. These functions should be used with caution in engineering practice and should
be supported by additional testing data and research.

12,7 ESTIMATION OF LANDFILL FOUNDATION SETILEMENT

If the landfill is underlain by a soil layer, particularly a thick layer of soft, fine-grained
soil, consolidation settlements 'may be large, In these cases, design analyses should
consider settlement of the foundation clay layer, Both primary consolidation anc11ong­
term secondary settlement should be considered, Calculations are performed using
conventional equations from soil mechanics theory and a time frame at least equal to
the active life and postclosure care period of the landfill,

Excessive settlement of an underlying foundation clay layer will affect the per­
fonnance of a lanclfillliner and leachate collection system, The purposes of analyzing
the settlement of a foundation clay layer and overlying landfill liner and leachate
collectionlremoval system are as follows:

(i) Tensile strain induced in the liner system and leachate collection and removal
system must be limited to a minimum allowable tensile strain for the components
of these two systems, The compacted clay liner usually has the smallest allowable
tensile strain value between 0.1 % and 1.0 % and an average allowable tensile
strain of 0,5%,

(li) Post-settlement grades of the landfill cell subbase and the leachate collection
pipes must be sufficient to maintain leachate performance to prevent grade
reversal and leachate ponding in accordance with the rule requirements.

12,7.1 Total Settlement of Landfill Foundation

The total settlement of landfill foundation soil can be divided into three portions: elas··
tic settlement, primary consolidation settlement, and secondary consolidation settle­
ment. The settlement of sandy soils includes only elastic settlement. The settlement of
clayey soils includes all three types of settlements, The total settlement of clayey soil is
equal to the sum of the elastic settlement and the primary and secondary settlements.
Because the permeability of clay is quite low, it takes a long time to complete the
whole process of cumolidation settlement. The settlement of clayey soil is usually
much larger than the settlement of sandy soils,

Because the settlement of sandy soils includes only elastic settlement, the settle­
ment of sand layer can be calculated from the Elastic Settlement equation, which is

Zc = (llu/MJHo

where Ze = clastic settlement of soil layer, ft or m;
No = initial thickness of soil layer, ft or m;
L:.cr = increment of vertical effective stress, Iblft2 or kN/m2

;

M s = constrained modulus of soil, lblfe or kN/m2
,

(12.20)
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The constrained modulus is given by

(12.21)

where Ms = constrained modulus of soil, lblfe or kN/m2
;

Es = elastic modulus of soil, see Table 9.5, lblfe or kN/m2 ;

V s = Poisson's ratio of soil, see Table 9.5.

The primary consolidation. settlement is given by

Hoi Pc flo (j 0 -\- !:J.(J
Zc = CL'·---·log-'- + Cc·---·log--"----

1 -\- eoi (To 1 + eoi Pc

where Zc = primary consolidation settlement of clay layer, ft or m;
Ho = initial thickness of clay layer, ft or m;
eai = initial void ratio of clay layer;
CL' = recompression inelex;
Cc = primary compression index.
(J a = initial vertical effective stress, Ib/ft2 or kN/m2

;

Pc = preconsolic1ation pressure, Ib/ft2 or kN/m2
;

L\cr = increment of vertical effective stress, lb/ft2 or kNlm2
•

The secondary compression settlernent is given by

Has t2Z". = Co:·--·log-
1 + ens t[

(12.22)

(12.23)

where Zo: = long-term secondary compression settlement, ft or m;
eos = initial void ratio of clay layer before starting secondary consolidation

settlement;
Co: = secondary consolidation compression index;

Hos = initial thickness of clay layer before starting secondary consolidation
settlement, ft or m;

t} = starting time of the time period for which long-term settlement of the
layer is desired;

12 = ending time of the time period for which long-term settlement of the
layer is desired.

The total settlement of clay layer includes three portions: elastir. s~ttlement, pri­
mary consolidation settlement, and seconda1'y consolidation settlement. These three
types of settlement for clayey soil layers can be calculated from Equations 12.20, 12.22,
ancl12.23, respectively. The total settlement of clayey soil at point i can be determined
from the equation

(12.24)

where Zi = total settlement of points i.;
(Zc)i = elastic settlement of point i;
(Zc)i = primary consolidation settlement of point i;
(2".); = secondary consolidation settlement of point i.
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where:
(N1)60 = corrected SPT N-value, as defined in Chapter 3

Cp = grain size correction factor
CA =aging correction factor

COCR = overconsolidation correction factor .
D so = grain size at which 50 percent of the soil is finer (mm) as defined in Section

4.4
t = age of soil (time since deposition in years). If no age information data is

available, use t = 100 yr.
OCR =overconsolidation ratio, as defined in Chapter 11. If no information is

available to assess the OCR, use a value of 2.
qc = cone resistance (kg/cm2 or ton/ftl

), as defined in Chapter 3
Qc = compressibility factor

=0.91 for highly compressible sands
=1.00 for moderately compressible sands
= 1.09 for slightly compressible sands

For purposes of solving this formula, a sand with a high fines content or a
high mica content is "highly compressible," whereas a pure quartz sand is
"slightly compressible."

a / = vertical effective stress (lb/ftl~ kPa), as defined in Chapter 10

Many people confuse relative density with relative compaction. The latter is defined
in Chapter 6. Although the names are similar, and they measure similar properties, these
two parameters are numerically different. In addition, some people in other professions use
the term "relative density" to describe what we call specific gravity! Geotechnical engineers
should never use the term in this way.

Table 4.5 presents typical values of emin and emax for various sandy soils. These are not
intended to be used in lieu of laboratory. or in-situ tests, but could be used to check test
results or for preliminary analyses.

TABLE 4.5 TYPICAL VALUES OF eminAND emax(Hough, 1969; Adapted by permission of John
Wiley and Sons, Inc.)

Soil Description emin (dense) emax (loose)

Equal spheres (theoretical values) 0.35 0.92

Clean, poorly graded medium sand (Ottawa, Illinois) 0.50 0.80

Clean, fine-to-medium sand 0.40 1.0

Uniform inorganic silt 0.40 1.1

Silty sand 0.30 0.90

Clean fine-to-coarse sand 0.20 0.95

Micaceous sand 0.40 1.2

Silty sand and gravel 0.14 0.85
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TABLE 11.3 TYPICAL CONSOLIDATION PROPERTIES OF SATURATED NORMALLY
CONSOLIDATED SANDY SOILS AT VARIOUS RELATIVE DENSITIES (Adapted from Burmister,
1962)

Soil Type

Medium to coarse sand,
some fine gravel (SW)

Medium to coarse sand
(SW/SP)

Fine to coarse sand (SW)

Fine to medium sand
(SW/SP)

Fine sand (SP)

Fine sand with trace fine
to coarse silt (SP-SM)

Find sand with little fine
to coarse silt (SM)

Fine sand with some fine
to coarse silt (51'1)

D r =
1000/0

0.002

0.002

0.003

0.003

0.003

For saturated overconsolidated sands, Cr/ (1+e0) is typically about one-third of the
values listed in Table 11.3, which makes such soils nearly incompressible. Compacted fills
can be considered to be overconsolidated, as can soils that have clear geologic evidence of
preloading, such as glacial tills. Therefore, many settlement analyses simply consider the
compressibility of such soils to be zero. If it is~unclear whether a soil is normally
consolidated or overconsoliqated, it is conservative to assume it is normally consolidated.

Very few consolidation tests have been performed on gravelly soils, but the
compressibility of these soils is probably equal to or less than those for sand, as listed in
Table 11.3.

Another characteristic of sands and gravels is their high hydraulic conductivity, which
means any excess pore water drains very quickly. Thus, the rate of consolidation is very
fast, and typically occurs n~arly as fast as the load is applied. Thus, if the load is due to a
fill, the consolidation of these soils may have little practical significance.

However, there are at least two cases where consolidation of coarse-grained soils can
be very important and needs more careful consideration:

1. Loose sandy soils subjected to dyna~ic loads, such as those from an earthquake.
They can experience very large and irregular settlements that can cause seriC?us
damage. Kramer (1996) discusses methods of evaluating this problem.
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APPLICATION FOR PERMIT 
SUNDANCE WEST, INC. 

 
VOLUME III:  ENGINEERING DESIGN AND CALCULATIONS 

SECTION 9:  EVAPORATION CALCULATIONS 
 
 
1.0 INTRODUCTION 

Sundance West (Sundance West Facility) is a proposed Surface Waste Management Facility 

for oil field waste processing and disposal services.  The proposed Sundance West Facility is 

subject to regulation under the New Mexico Oil and Gas Rules, specifically 19.15.36 NMAC, 

administered by the Oil Conservation Division (OCD).  The Facility has been designed in 

compliance with 19.15.36 NMAC, and will be constructed and operated in compliance with a 

Surface Waste Management Facility Permit issued by the OCD.  The Facility is owned by, and 

will be constructed and operated by, Sundance West, Inc. 

 
1.1 Description 

The Sundance West site is comprised of a 320-acre ± tract of land located approximately 3 

miles east of Eunice, 18 miles south of Hobbs, and approximately 1.5 miles west of the 

Texas/New Mexico state line in the South ½ of Section 30, Township 21 South, Range 38 East 

Lea County, New Mexico (NM).  Site access will be provided via NM 18 and Wallach Lane. 

The Sundance West Facility will include two main components; a liquid oil field waste 

Processing Area (80 acres ±), and an oil field waste Landfill (180 acres ±).  Oil field wastes 

are anticipated to be delivered to the Sundance West Facility from oil and gas exploration and 

production operations in southeastern NM and west Texas.  The Site Development Plan 

provided in the Permit Plans, Volume III.1, identifies the locations of the Processing Area 

and Landfill facilities.  

 
 
2.0 DESIGN CRITERIA 

The Processing Area will include evaporation ponds for the disposal of Produced Water.   The 

area and volume of the lined portion of each evaporation pond is 1.88 acres of water surface 

with a capacity of 9.5 acre-feet (ft).  Sundance West will include a total of ten ponds which 

will provide a total of 18.80 surface acres for evaporation of 95 total acre-ft of pond capacity. 
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2.1 General Site Conditions 

The site terrain is gently sloping toward the west with sparse vegetation. The macro-climate of 

the Sundance West area is classified by the Koppen Climate Classification System as a “BSk”, 

which indicates a semi-arid steppe with much of the characteristics of a desert. Meteorological 

climatic data was obtained from the Western Regional Climate Center for pan evaporation at 

Lake Avalon and precipitation at the Hobbs FAA Airport weather stations which are the closest 

reporting points for these two data sets. 

 
The evaluation of climate data for these nearby weather stations indicates that they are 

relatively similar and will likely provide reasonable precipitation estimates for the site (Table 

III.9.1). Climatic data available for the Lake Avalon weather station includes pan evaporation 

for the years of record from 1914 through 1979.  The Hobbs FAA Airport weather station 

includes precipitation for the years of record from 1942 through 2006. The Lake Avalon pan 

evaporation data was used to estimate monthly evaporation values at the Sundance West site. 

The observed pan evaporation values were scaled by a factor of 0.7 to represent actual pond 

evaporation. The average monthly evaporation and precipitation data used for design of the 

Sundance West evaporation ponds is summarized in Table III.9.1. Considering this climatic 

data, the annual evaporation exceeds annual precipitation on average by over six times.  

 
The predominant wind directions for the site are from the south and southeast, with an average 

annual wind speed of 11 miles per hour (mph). The maximum sustained wind speed 

conservatively used for facility design is 14 mph. 

 
 
3.0 EVAPORATION POND DESIGN 

This section provides the engineering analyses and technical details to support design of the 

evaporation ponds for the Sundance West Facility with an average evaporation rate of 1,000 

bbl per pond per day.  While maintaining potential drift within the pond boundary. 
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3.1  Design Criteria 

3.1.1  Design Regulations 

Regulations relevant to the design of the evaporation ponds presented here in Section 3.0 are 

summarized below. 

Key Regulatory Agencies and Documents: 

New Mexico Oil Conservation Division (OCD): Title 19 Natural Resources 
and Wildlife, Chapter 15 Oil and Gas, Part 36 Surface Waste Management 
Facilities, Section 17 Specific Requirements Applicable to Evaporation, 
Storage, Treatment and Skimmer Ponds, specifically B(12) which indicates that 
“The maximum size of an evaporation or storage pond shall not exceed 10 acre-
feet”. 

 
New Mexico Office of the State Engineer (NMOSE): Title 19 Natural 
Resources and Wildlife, Chapter 25 Administration and Use of Water – General 
Provisions, Part 12 Dam Design, Construction and Dam Safety, Section 7 
Definitions, D. (1) Dams, (a) Jurisdictional Dam which indicates that “A dam 
25 feet or greater in height, which impounds more than 15 acre-feet of water 
or a dam that impounds 50 acre-feet or more of water and is 6 feet or greater 
in height.”  (b)     Non-jurisdictional dam which indicates that “Any dam not 
meeting the height and storage requirements of a jurisdictional dam.” 
exempting this facility’s structures from this rule.  
 

3.1.2  Project Design Criteria 

Design criteria relevant to the analyses presented here in Section 3.0 are summarized below. 

Geometry: 

Process Operations: Design evaporation capacity of 1,000 barrels per day 
(bbl/d) of produced water per pond, with potential expansion capacity to 9,000 
bbl/d. 

 
Evaporation Pond Storage Capacity: Less than 10 acre-ft per pond, with 
potential expansion to 10 ponds.  Developing an ultimate pond design 
configuration resulted in a 9.5 acre-foot pond capacity with a surface water area 
of 82,000 square feet (ft) and measuring 410 ft x 200 ft.  
 
Maximum Evaporative Surface Area: for ten ponds would be 820,000 square 
ft or 18.8 acres. 
 
Process Design Life: 50 years. 

 
Produced Water Properties: 

Design Volumetric Flow Rate: 9,000 bbl/d or 263 gallons per minute (gpm). 
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System Requirements: 

Evaporation Pond Liner System: Double layer liner system as follows (top to 
bottom): (1) upper (secondary) 60 mil HDPE geomembrane liner; (2) leak 
detection system consisting of a 200 mil HDPE geonet; (3) lower (primary) 60 
mil HDPE geomembrane liner; underlain by (4) a density controlled compacted 
subgrade.  
 
Leak Detection System: The leak detection system will meet the following 
requirements:(1) constructed with a bottom slope of at least two percent; (2) 
constructed with a 200 mil HDPE geonet with a transmissivity of 1x10-3 m2/sec 
or greater; (3) constructed of materials that are chemically resistant to the waste 
and leachate; (4) designed and operated to minimize clogging during the active 
life; and (5) constructed with sumps and liquid removal methods (i.e., pumps). 

 
3.2  Design Concepts 

This section presents the general evaporation pond design concepts with the technical aspects 

of these concepts discussed in detail in the following sections. 

 
The Sundance West Facility is designed for start-up operations at 3,000 bbl/d routinely, with 

a potential to expand to 9,000 bbl/d on average. The design produced water flows from the 

Produced Water Tanks will be discharged to the evaporation ponds. The average design flow 

rates associated with the start-up and ultimate production rates are 88 and 263 gallons per 

minute (gpm), respectively. 

 
The evaporation pond system is designed for construction in phases. Phase I includes 4 ponds, 

each with a surface dimension of 410 ft by 200 ft (i.e. 1.88 acres), designed to evaporate the 

inflows associated with the average receipt of 3,000 bbl/d. Similarly, Future Phases will 

include an additional 6 ponds with the same dimensions designed to evaporate the flows 

associated with an additional 6,000 bbl/d of produced water received daily. All ponds are 

designed and constructed to provide contingency storage with an additional 3 ft of freeboard 

(above the required design capacities). Pond berms with a minimum crest width of 15 ft are 

designed between ponds to allow access to all sides of the ponds, as well as operation and 

maintenance of the evaporation equipment. Two leak detection system (LDS) sumps have been 

included in the design of each evaporation pond. Liquids collected in the LDS sumps will be 

pumped using a mobile pump, and returned to the evaporation ponds. 
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In order to improve performance of the evaporation pond system (i.e., enhance the evaporative 

capabilities), the design includes implementation of a mechanical evaporation system. The 

evaporators will be placed and sized to maximize evaporation and minimize the potential for 

wind-drift beyond the extents of the lined evaporation pond area. A continuous liner is 

designed over the entire evaporation pond area, including over the separation berms. A textured 

geomembrane will be extrusion welded on top of the berms between pond cells to facilitate 

access (i.e., pedestrian or ATV). 

 
3.3  Water Balance Modeling 

A probabilistic water balance model was developed to assist in determining the evaporation 

potential of the pond system (i.e., required evaporative surface area). Water balance 

calculations were performed (See Table III.9.1). 

 
The following water balance components were considered: (1) the amount of Produced Water 

entering the pond system from the Produced Water Tanks, (2) water entering the pond system 

through meteoric precipitation, and (3) the amount of water released to the atmosphere through 

evaporation. 

 
Precipitation values are likely to exhibit largest variations, and were therefore treated as 

stochastic inputs (i.e., probabilistic), while the other parameters were treated as deterministic 

variables.  Figure III.9.1 presents the process flow diagram for the evaporation pond water 

balance. 

 
Preliminary analyses revealed a prohibitively large evaporation area for extreme precipitation 

events when considering evaporation losses solely from the pond surface. To reduce the 

required evaporative area, subsequent analyses included a mechanical evaporation system 

resulting in enhanced evaporation losses. All evaporators will be located at points within the 

ponds (as depicted in Figure III.9.2) to minimize the probability of wind-drift blowing the 

produced water beyond the lined evaporation pond area. 
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The results of the water balance for each pond were calculated assuming the average annual 

rainfall; the percentage of the an average day when the wind speed is under 12 mph when the 

mechanical evaporators will be running; limiting the mechanical evaporators to no more than 

10 gpm flow rate through the evaporators (even though extensive experience with this 

equipment indicated a greater evaporative expectation); and an input of 1,000 bbl/d of 

Produced Water. Based on these assumptions, the required number of mechanical evaporators 

per pond to evaporate 1,000 bbl/d was estimated to be three. The conservative assumption was 

made to discount the surface evaporation potential from the pond due to the micro-climate 

created by the mechanical evaporators. Table III.9.1 details the evaporation potential per pond 

and identifies the additional evaporation potential that may be available based on extensive 

industry experience with the mechanical evaporators. 

 
The influence of dissolved solids in the process water flow to the evaporation ponds may affect 

pond evaporation.  It will be important to collect field evaporation measurements during the 

early years of pond operations to confirm the adequacy of this initial design. These field 

measurements will assist in refining expansion design of the evaporation ponds for an increase 

to 9,000 bbl/d average evaporation potential. 

 
3.4  Mechanical Evaporator Lateral Drift Analysis 

The proposed mechanical evaporators were analyzed for drift potential to ensure that all of the 

mist generated in the evaporation process would remain within the area of the lined pond.  The 

objective of this analysis was to determine at what distance the suspended solids would fall out 

with a given wind speed, droplet diameter and known level of Total Suspended Solids (TDS). 

 
The higher the TDS the less lateral distance traveled and time the water droplet spends 

suspended in the air.  For this analysis an 8% total TDS saturation was assumed.  The proposed 

mechanical evaporator makes 150 micron water droplet particle sizes.  This analysis will 

assume a droplet particle size of 150 microns for the drift calculations.  Based on Table III.9.2 

the distance required for a 150 micron particle size to fall 10 ft is 10 seconds in a 3 mph wind 

is 39 feet.  
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TABLE III.9.2 

Influence of Droplet Size on Potential Drift Distance 
Sundance West 

 

Droplet 
Diameter 
(Microns) 

Type of droplets Time required to 
fall 10 feet 

Lateral distance Droplets 
travel in falling 10 feet in 

 a 3 mph wind 

5 Fog 66 minutes 3 miles 

20 Very fine spray  4.2 minutes 1,100 feet 

100 Fine spray 10 seconds 44 feet 

150 Evaporator Standard  9 seconds 39 feet 

240 Medium spray 6 seconds 28 feet 

400 Course spray 2 seconds 8.5 feet 

1,000 Fine rain 1 second 4.7 feet 
 
 
The proposed mechanical evaporator propels the water droplets 15 ft in the air resulting in a 

15 ft anticipated fall height for the water droplet particles generated.  In this 3 mph wind the 

water droplet could drift 59 ft before falling back into the pond.   

 
An analysis was performed with DRIFTSIM a computer modeling program (Attachment 

III.9.B) that predicts the drift distance of spray droplets.  This program was developed by Ohio 

State University, Food Agriculture, and Biological Engineering Department in coordination 

with the United States Department of Agriculture, Agricultural Research Service.  The results 

from this model, utilizing a low TDS liquid (assuming greater drift), a 12 mph maximum wind 

speed (maximum average sustained wind speed onsite) and variable humidity’s at various 

temperatures confirmed that based on the anticipated 150 micron droplet size, all  lateral drift 

will fall back into the lined pond area. Table III.9.3 and Figure III.9.3 provide a summary of 

the output from this analysis. 
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TABLE III.9.3 
DRIFTSIM Analysis Results  

(12 MPH Wind) 
Sundance West, Inc. 

 
Temp Drop Diameter Humidity Drift 

50 150 10 85 
50 150 20 79 
50 150 30 79 
50 150 40 78 
50 150 50 77 
50 150 60 77 
50 150 70 77 
50 150 80 75 
50 150 90 75 
50 150 100 74 

    

60 150 10 84 
60 150 20 82 
60 150 30 82 
60 150 40 81 
60 150 50 80 
60 150 60 79 
60 150 70 79 
60 150 80 77 
60 150 90 76 
60 150 100 75 

    

70 150 10 86 
70 150 20 84 
70 150 30 84 
70 150 40 83 
70 150 50 82 
70 150 60 80 
70 150 70 80 
70 150 80 78 
70 150 90 76 
70 150 100 74 

    

80 150 10 94 
80 150 20 92 
80 150 30 92 
80 150 40 90 
80 150 50 88 
80 150 60 86 
80 150 70 84 
80 150 80 82 
80 150 90 79 
80 150 100 76 
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The majority of the strong winds at this location come from the southeast direction. Given the 

layout of the evaporation ponds, the proposed mechanical evaporators could operate in up to 

14 mph wind before the automation would need to shut the machines down relative to concerns 

that drift might escape the lined ponds. 

 
The mechanical evaporators will be controlled by a weather station with software designed to 

monitor wind speed and control (start and stop) the equipment to optimize evaporation hours 

and minimize the potential for freezing during cold periods. This weather station will also 

control for wind speed and direction to minimize any potential for over spray and drift 

situations on windy days. 

 
 
4.0  SUMMARY 

The proposed evaporation ponds with mechanical evaporators will be able to evaporate the 

proposed volumes of Produced Waters that are anticipated for receipt in the various phases of 

this facility’s development.  The potential for drift can be managed to ensure that all materials 

remain within the lined area of the evaporation ponds. Figure III.9.4 provide a Wind Rose for 

this location. 
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Pesticide applications are required to ensure an adequate and high quality supply of many agricultural 
crops. Due to concerns for production costs, safety, and the environment, it is important to maximize the 
pesticide deposit on the target. One of the major problems challenging pesticide applicators is spray 
drift, which is defined as movement of pesticides by wind from the application site to an off-target site.  

Spray drift occurs wherever liquid sprays are applied. Although complete elimination of spray drift is 
impossible, problems can be reduced significantly if the pesticide applicator is aware of major factors 
which influence drift, and takes precautions to minimize their influence on off-target movement of 
droplets.  

Drift is influenced by many factors that usually may be grouped into one of the following categories: 1) 
Spray characteristics, 2) Equipment and application techniques used, 3) Weather, and 4) Operator care 
and skill. A general discussion of these factors can be found in another publication by Ozkan (1991). In 
this publication, you will find specific information on how much influence some of these major factors 
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have on the drift distances of spray droplets. 

The factors that significantly influence off-target movement of droplets are wind velocity and direction, 
droplet size and density, and distance from the atomizer to the target. Other factors that influence drift 
include droplet velocity and direction of discharge from the atomizer, volatility of the spray fluid, 
relative humidity, ambient temperature, and atmospheric turbulence intensity. Many scientists have 
conducted field tests to study influence of these variables on spray drift. Unfortunately, field tests have 
the limitation that weather conditions cannot be controlled and the variables that influence spray drift 
may interact and vary during a test. Computer simulations can allow determination of the effects of 
different values of variables such as droplet size and velocity, relative humidity, and wind velocity on 
spray drift. One such computer model was developed by Reichard et al.(1992a) in Ohio for modeling the 
effects of several variables on spray drift. Using the computer program, individual or mean droplet 
trajectories were determined for different values of several variables listed above. Experiments were also 
conducted to verify the accuracy of the computer model in predicting drift distances of water droplets in 
a wind tunnel. These tests revealed that the computer model can be used to accurately calculate spray 
drift distances for a wide range of spray droplet sizes and wind velocities (Reichard et. al., 1992b).  

The major drift factors included in this publication are droplet size, wind velocity, relative humidity, 
ambient temperature, droplet discharge height, and initial droplet velocity. Although turbulence intensity 
is a major factor which influence drift, data related to this variable was not included in this publication 
because it is not something pesticide applicators can assess easily, and its magnitude can vary rapidly 
unlike the changes in other atmospheric conditions such as relative humidity and temperature. The affect 
of turbulence intensity on drift distances of droplets is discussed in the publication by Reichard et. al. 
(1992a). A turbulence intensity of 20% was assumed for all the computer simulation results reported in 
this publication,.  

Although the accuracy of the drift data produced by computer simulation has been validated, one has to 
be cautious when drawing conclusions from the data presented in this publication. Due to the many 
variables that influence spray drift, it is extremely difficult to precisely predict drift distances of droplets 
for field conditions. Some of the variables that affect drift distances, such as wind turbulence, velocity 
and direction can vary considerably while a droplet is drifting. It is common for terrain and vegetation 
(size and density) to vary over the path of a drifting droplet and these influence local wind velocity and 
direction. The drift distance data presented in this publication are only valid for the constant conditions 
specified. The data presented are useful in comparing the relative effects of several factors on drift 
distances, but are not intended to precisely model variable field conditions.  
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Droplet Size, Wind Velocity and Relative Humidity 

Droplet size and wind velocity are the two most influential factors affecting drift. Relative humidity 
influences the evaporation rate of a droplet and hence its size, flight time, velocity and drift distance. 
Table 1 and Figure 1 show the simulated mean drift distances for various sizes of water droplets (50-200 
micron diameter), wind velocities (2-8 mph), relative humidities (20-80%), and 75 degrees F ambient 
temperature. (Additional data are included in Tables in the publication by Zhu et al., 1994). Unless 
otherwise indicated, all simulated drift distances discussed in this publication are for droplets discharged 
downward with 65 ft/second (45 mph) velocity toward a target 18 inches below the point of discharge.  

 

  
Spray drift is the reason for the discoloration of part of the wheat 

crop shown in this photograph. The size of the area affected by drift 
and its severity depend on how adverse the weather conditions are and 

poor decisions made by the operator of the sprayer. 

Page 3 of 18Effect of Major Variables on Drift Distances of Spray Droplets, AEX-525-98

1/13/2010http://ohioline.osu.edu/aex-fact/0525.html



  
Figure 1. Effect of droplet diameter and wind velocity on drift distances 

of water droplets directed downward at 65 ft/second toward a target 18 inches 
below disharge point (Temperature = 75 degrees F; Relative Humidity = 60%). 

Table 1. Effect of wind velocity and relative humidity on 
drift distances of droplets directed downward with initial velocity of 

65 ft/second toward target 18 inches below discharge point.  
(Temperature = 75 degrees F; turbulence intensity = 20%) 

Initial 
droplet 

size 
(microns)

Wind 
velocity 
(mph)

20 40 60 80

20 2 3.03* 3.72* 6.41* 15.29*
20 4 6.00* 6.47* 10.24* 21.45*
20 6 6.57* 7.66* 11.87* 23.23*
20 8 7.96* 8.97* 13.29* 26.42*
20 10 8.99* 10.58* 15.06* 30.10*
50 2 10.70* 12.10 17.20* 25.30*
50 4 18.70* 21.00* 28.80* 41.70*
50 6 26.50* 30.00* 40.00* 55.60*
50 8 34.30* 38.20* 50.90* 69.00*
50 10 37.60* 42.00* 55.32* 87.24*
100 2 3.44 3.41 3.37 3.30
100 4 6.87 6.81 6.71 6.58
100 6 10.30 10.20 10.05 9.85
100 8 13.72 13.61 13.39 13.14
100 10 17.94 17.77 17.48 17.05
150 2 0.92 0.92 0.92 0.91
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Water droplets with 50 micron diameter and smaller are highly susceptible to drift. All droplets 50 
micron diameter and smaller completely evaporated before they reached 18 inches below point of 
discharge for wind velocities between 2.0 and 10.0 mph and relative humidities (RH) between 20 and 
80% (Table 1). The mean drift distances of small droplets increased rapidly with increased wind 
velocity. For example, with 60% RH, 50 micron diameter droplets were displaced 17.2, 28.8, 40.0, 50.9, 
and 55.3 ft before they completely evaporated when wind velocities were 2, 4, 6, 8, and 10 mph, 
respectively.  

The mean drift distances of 50 micron diameter water droplets and smaller increased with increased 
relative humidity because high relative humidity increased the lifetimes of the volatile droplets. 
Although both evaporated completely before deposition, the mean drift distances of 50 micron diameter 
droplets were greater than for 20 micron diameter droplets with the same relative humidity and wind 
velocity. This occurs because 50 micron diameter droplets have 15.6 times more volume and hence 
longer life than 20 micron diameter droplets. With 10 mph wind velocity and 60% RH, 20 and 50 
micron diameter droplets drifted 15.1 and 55.3 ft downwind from the discharge point, respectively.  

Most nozzles used for applying pesticides produce a large portion of the spray volume in 100 micron 
diameter droplets and larger. For example, our measurements of spray droplets from an XR 8002 VS 
nozzle (Spraying Systems Co., Wheaton, IL 60189) with 0.2 gpm flow rate when operated at 40 psi 
indicated that about 75% of the total spray volume was in droplets 100 micron diameter and larger. 
Computer simulation results indicate that all 100 micron and larger diameter water droplets reached 18 
in below point of discharge at wind velocities up to 10 mph regardless of the relative humidity. 
However, due to affecting the evaporation rate, and hence droplet size, relative humidity significantly 
influenced the drift distances of 50 micron diameter droplets before they evaporated. With wind velocity 
of 10 mph, the mean drift distances of 50 micron diameter water droplets increased from 37.6 to 87.2 ft 
as relative humidity increased from 20% to 80%.  

Data in Table 1 indicate that drift distances of droplets 200 micron diameter and larger are much less 
than for 100 micron diameter. For example, with 10 mph wind velocity and 60% RH, the mean drift 

150 4 1.83 1.82 1.82 1.82
150 6 2.74 2.74 2.73 2.71
150 8 3.67 3.66 3.62 3.60
150 10 4.78 4.78 4.75 4.77
200 2 0.20 0.20 0.20 0.20
200 4 0.38 0.38 0.38 0.38
200 6 0.55 0.55 0.55 0.55
200 8 0.75 0.75 0.75 0.75
200 10 0.96 0.96 0.96 0.96
300 2 0.05 0.05 0.05 0.05
300 4 0.10 0.10 0.10 0.10
300 6 0.15 0.15 0.15 0.15
300 8 0.21 0.21 0.21 0.21
300 10 0.26 0.26 0.26 0.26
* Droplet completely evaporated before deposition.
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distance of 100 micron diameter droplets was about 18 times that of 200 micron diameter droplets (0.96 
ft versus 17.48 ft). The mean drift distances of 200 micron diameter droplets were 0.20, 0.38, 0.55, 0.75, 
and 0.96 ft for wind velocities of 2, 4, 6, 8, and 10 mph, respectively. Relative humidity over a range of 
20-80% had very little influence on the drift distances of 200 micron diameter droplets. The mean drift 
distances of all droplets 200 micron diameter and larger did not exceed 0.96 ft with wind velocities up to 
10.0 mph.  

Figure 1 illustrates the effect of water droplet size (50-300 micron diameter) on mean drift distance for 
wind velocities of 2.0, 4.0, 6.0, 8.0, and 10.0 mph, and 60% RH at 75 degrees F. All droplets 100 micron 
diameter or larger reached 18 in below point of discharge and deposited. The mean drift distances of the 
droplets increased with increased wind velocity but decreased as initial droplet size increased. The 
amount of droplet displacement that can be tolerated depends on several factors including the crop and 
surrounding area, and the pest control agent. If the target is a row crop that is sprayed from a nozzle 
centered over each row, then small amounts of droplet displacement by wind can result in large portions 
of the spray missing the target. It is also common for gusts with velocities two or more times the mean 
wind velocity to occur while spraying. Figure 1 indicates that drift is far less likely to be a problem 
when spraying with 200 micron diameter and larger droplets.  

Figure 2 illustrates the simulated effect of wind velocities up to 10.0 mph on the mean drift distances for 
100, 150, 200, and 300 micron diameter water droplets at 60% RH. Figure 2 and Table 1 both indicate 
that the influence of wind velocity on drift distance increases as droplet size decreases. Figure 2 shows 
that there is a nearly linear relationship between mean drift distance and wind velocity for each droplet 
size. The rate of change in drift distance with change in wind velocity was much greater for 100 than 
200 micron diameter droplets. For example, over a range of 2 to 10 mph wind velocity the drift 
distances of 100 and 200 micron diameter droplets increased 1.8 and 0.01 ft per mph increase in wind 
velocity respectively.  

Some spray carriers are oil or nonvolatile liquids. If the nonvolatile droplet density is close to the 
density of water, drift distances would be similar to drift distances in Table 1 for water droplets with 
80% RH. Droplets 50 micron diameter or smaller can have very long drift distances with 100% RH. For 
example, the mean drift distances of 10 micron diameter droplets are beyond 650 ft with wind velocities 
of 5.5 mph and higher. For many pesticide applications, a small portion of the mixture is nonvolatile. 

  
Figure 2. Effect of wind velocity and droplet diameter on drift 

distances of water droplets directed downward at 65ft/second toward a 
target 18 inches below discharge point (temperature = 75 degrees F; 

Relative Humidity = 60%). 
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For small droplets that are still airborne when all of the water evaporates, there is potential for the small 
nonvolatile portion remaining to drift very long distances.  

Temperature and Relative Humidity 

Pesticides are applied over wide ranges of temperatures and relative humidities which influence the 
evaporation rates of droplets. Since evaporation of liquid from a droplet decreases its mass, it also 
influences the drift distance of the droplet. Table 2 shows the effects of temperatures (50, 68, and 86 
degrees F) on droplet diameters at the end of droplet flights, and mean drift distances for water droplets 
with initial diameters ranging from 50 to 300 micron, wind velocities of 1 to 22 mph and 50% RH.  

Table 2. Effect of temperature and wind velocity on 
droplet size at the end of flight of various size water droplets 

discharged downward at 65 ft/second toward a target 18 inches below 
point of discharge. (Relative humidity = 50%) 

Initial 
Droplet 

size 
(micron)

Wind 
Velocity 
(mph)

Final Droplet Size (micron) and Drift Distance (ft)
Temperature (degrees F)

50 68 86
DS# DD## DS# DD## DS# DD##

50 1.1 0.0 11.58* 0.0 9.84* 0.0 9.74*
50 5.6 0.0 53.14* 0.0 32.8* 0.0 23.52*
50 11.1 0.0 105.94* 0.0 61.34* 0.0 41.32*
50 22.4 0.0 208.61* 0.0 117.75* 0.0 75.76*
70 1.1 59.4 5.18 43.6 6.30 0.0 12.50*
70 5.6 59.2 26.14 42.7 32.14 0.0 38.70*
70 11.1 59.0 52.48 41.9 64.61 0.0 70.19*
70 22.4 58.8 105.94 40.4 132.18 0.0 132.51*
100 1.1 96.7 2.13 93.7 2.13 88.7 2.36
100 5.6 96.7 10.53 93.7 10.73 88.7 11.64
100 11.1 96.7 19.48 93.7 21.48 88.6 23.39
100 22.4 96.6 42.97 93.5 43.62 88.3 47.56
150 1.1 149 0.59 148 0.59 147 0.59
150 5.6 149 2.72 148 2.85 147 2.98
150 11.1 149 5.58 148 5.74 147 6.04
150 22.4 149 11.97 148 12.27 147 12.82
200 1.1 200 0.13 199 0.13 199 0.13
200 5.6 200 0.56 199 0.56 199 0.56
200 11.1 200 1.18 199 1.18 199 1.18
200 22.4 200 2.69 199 2.69 199 2.69
300 1.1 300 0.03 300 0.03 299 0.03
300 11.1 300 0.33 300 0.33 299 0.33
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Table 2 indicates that ambient temperature had more influence on droplet sizes at end of flights for 
smaller droplets than larger droplets. For 70 micron diameter droplets, 5.6 mph wind velocity, and 50% 
RH, the mean droplet sizes at end of flights were 59.2, 42.7, and zero micron for ambient temperatures 
of 50, 68, and 86 degrees F, respectively. For 200 micron diameter droplets and the same conditions, the 
mean droplet sizes at times of deposition were 200, 199, and 199 micron. Over a temperature range of 
50-86 degrees F, the volumes of 100 and 200 micron diameter water droplets changed about 20.9 and 
1.5% respectively during flights when wind velocity was 1.1 m/s.  

Table 2 also shows that wind velocities up to 22.4 mph had greater influence on droplet size change 
during flight on smaller than on larger droplets. For 70 micron diameter droplets at 68 degrees F and 
50% RH, the droplet diameters at deposition were 43.6 and 40.4 micron with wind velocities of 1.1 and 
22.4 mph, respectively. The 70 micron diameter water droplets lost 76 and 81% of their volume during 
flights with wind velocities of 1.1 and 22.4 mph, respectively. For 200 micron diameter droplets with 
the same conditions, the final droplet sizes at time of deposition were 199 micron for all wind velocities 
over a range of 1.1 to 22.4 mph.  

Temperature can affect evaporation rate during flight and hence droplet size and drift distance. Because 
smaller droplets have greater surface area to volume ratios and longer flight times than larger droplets, 
temperature has greater influence on the drift distances of smaller droplets. With wind velocity of 5.6 
mph and relative humidity of 50%, 50 micron diameter water droplets drifted 53.1 and 23.5 ft before 
completely evaporating at temperatures of 50 and 86 degrees F, respectively. With the same conditions, 
100 micron diameter droplets drifted 10.5 and 11.6 ft before deposition at temperatures of 50 and 86 
degrees F, respectively. Ambient temperatures within the range of 50 and 86 degrees F had very little 
influence on drift distances of 200 micron diameter and larger water droplets when wind velocity varied 
from 1.1 to 22.4 mph.  

Figure 4 illustrates the simulated mean drift distances for 50, 100 and 200 micron diameter water 
droplets with 10 mph wind velocity, 50% RH and ambient temperatures of 55, 65, 75 , and 85 degrees F. 
The curve for 50 micron droplets shows that drift distance decreased as temperature increased. The 50 
micron diameter droplets completely evaporated before deposition. Small droplets tend to travel at speed 
close to wind velocity. When temperature, and hence evaporation rate increases, their travel distance 
over their lifetime tends to decrease. The curve for 100 micron diameter droplets shows that drift 
distance before deposition increased with increased temperature. The drift distance tended to increase 
with increased temperature because increased temperature resulted in faster evaporation rate, smaller 
droplet size and increased travel distance before deposition. Temperature over the range of 50 to 86 
degrees F had little influence on drift distances of 200 micron diameter droplets. The data used to 
produce the curves on Figure 3 are presented in Table 3.  

300 22.4 300 0.69 300 0.69 299 0.69
* Droplet completely evaporated before deposition. 
# DS - Droplet diameter (micron) at end of flight. 
## DD - drift distance (ft).
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Figure 3. Effect of temperature and wind velocity on droplet sizes 

at the end of flight of 50, 100 and 200 micron diameter water droplets 
discharged down at 65 ft/second toward a target 18 inches below nozzle 

(RH=50%). 

  
Figure 4. Mean drift distances for 50, 100 and 200 micron diameter 

water droplets with 10 mph wind velocity, 50% RH and ambient 
temperatures of 55, 65, 75 , and 85 degrees F. 

Table 3. Effect of wind velocity and temperature on drift distances of 
droplets directed downward with initial velocity of 65 ft/second toward 

target 18 inches below discharge point. (Relative humidity = 50%; 
Turbulence intensity = 20%) 

Initial 
Droplet 

size 
(micron)

Wind 
velocity 
(mph)

Drift Distance (ft) 
Temperature (degrees F) 

55 65 75 85

20 2 4.24* 4.47 4.64 4.79*
20 4 7.23* 7.33* 7.71* 7.79*
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Table 4 shows the mean drift distances for water droplets with initial diameters (25-300 micron), 
ambient temperatures (55-85 degrees F), relative humidities (20-100%), and 10 mph wind velocity. At 
low temperature (55 degrees F) and high relative humidity (80%), 50 micron diameter droplets were 
able to reach 18 in below their discharge point but traveled about 120 ft downwind before depositing. 
Table 4 indicates that relative humidity has little influence on drift distances of 150 micron diameter and 
larger droplets. This is because the flight times of these droplets are short. With wind velocity of 10 
mph, 200 micron diameter droplets were only displaced over a range of less than 1 foot (0.93 to 0.98 ft) 
for the ranges of relative humidity and ambient temperature.  

20 6 10.07* 9.20* 9.22* 9.07
20 8 12.82* 11.33* 10.42* 10.38*
20 10 15.55* 13.27* 11.92* 11.44
50 2 15.73* 14.97* 13.51* 12.60*
50 4 29.55* 26.39* 22.00* 18.82*
50 6 43.28* 37.87* 30.19* 25.18*
50 8 56.91* 49.21* 38.73* 31.79*
50 10 70.92* 60.31* 46.97* 37.90*
100 2 3.35 3.34 3.53 3.63
100 4 6.69 6.71 7.03 7.23
100 6 10.03 10.05 10.58 10.82
100 8 13.37 13.40 14.08 14.44
100 10 16.74 16.76 16.73 18.10
150 2 0.94 0.92 0.96 0.94
150 4 1.85 1.82 1.91 1.88
150 6 2.77 2.73 2.85 2.81
150 8 3.69 3.64 3.78 3.76
150 10 4.64 4.56 4.75 4.70
200 2 0.21 0.20 0.21 0.20
200 4 0.39 0.39 0.39 0.38
200 6 0.57 0.54 0.58 0.54
200 8 0.74 0.76 0.78 0.74
200 10 0.98 0.95 0.96 0.93
* Droplet completely evaporated before deposition. 

Table 4. Effect of relative humidity and ambient temperature on mean 
drift distances of various size water droplets directed downward at 65 
ft/second toward a target 18 inches below point of discharge. (Wind 

velocity = 10 mph) 

Droplet 
size 

(micron) 

Ambient 
temp. 

(degrees F) 

Drift distances (ft) 
Relative humidity (%) 

20 40 60 80 100

Page 10 of 18Effect of Major Variables on Drift Distances of Spray Droplets, AEX-525-98

1/13/2010http://ohioline.osu.edu/aex-fact/0525.html



Figure 5 illustrates the effect of relative humidity on mean drift distances of 25, 50, 100 and 200 micron 
size water droplets for 10 mph wind velocity. The ambient temperature was 65 degrees F for the 
simulations. The mean drift distances of 25 and 50 micron diameter water droplets, before complete 
evaporation, increased with increased relative humidity over the range of 20 to 80%. For the same 
conditions, but with 100% RH, 50 micron diameter droplets deposited 18 in below and 76 ft downwind 
from the point of discharge while 25 micron diameter droplets drifted beyond 378 ft. There was no 
change in drift distance of 200 micron diameter water droplets over the 10 to 80% range of relative 
humidity.  

25 55 17.93* 20.37* 29.76* 56.43* 381.60
25 65 14.67* 16.63* 23.53* 43.18* 377.97
25 75 12.58* 14.41* 19.94* 37.95* 391.31
25 85 11.41* 12.77* 17.81* 33.25* 400.12
50 55 63.32* 60.87* 60.87* 119.73 76.78
50 65 48.21* 53.93* 63.82* 93.51* 76.05
50 75 37.58* 42.00* 55.32* 87.24* 78.82
50 85 30.81* 34.40* 44.81* 73.93* 80.34
100 55 16.90 16.82 16.63 16.43 16.20
100 65 16.97 16.88 16.64 16.36 15.99
100 75 17.94 17.77 17.48 17.05 16.46
100 85 18.55 18.28 17.88 17.34 16.55
150 55 4.65 4.64 4.62 4.62 4.59
150 65 4.58 4.57 4.56 4.54 4.50
150 75 4.78 4.78 4.72 4.72 4.66
150 85 4.76 4.73 4.70 4.64 4.58
200 55 0.98 0.98 0.95 0.95 0.95
200 65 0.95 0.95 0.94 0.94 0.94
200 75 0.96 0.96 0.96 0.96 0.96
200 85 0.93 0.93 0.93 0.93 0.93
300 55 0.98 0.98 0.95 0.95 0.95
300 65 0.95 0.95 0.94 0.94 0.94
300 75 0.96 0.96 0.96 0.96 0.96
300 85 0.93 0.93 0.93 0.93 0.93
* Droplet completely evaporated before deposition. 
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Droplet Discharge Height 

Agricultural pesticides are applied with a very wide range of nozzle heights above targets. Nozzle height 
depends on several factors including the sprayer setup, target and operating conditions. Table 5 shows 
the effects of discharge height (0.5-3.0 ft), droplet diameter (50-300 micron) and wind velocity (2.0-10.0 
mph) on mean drift distances of water droplets directed downward with initial velocity of 65 ft/seconds. 
Relative humidity and ambient temperature were 50% and 70 degrees F, for all simulations. The mean 
drift distances of 50 micron diameter and smaller droplets were nearly constant with each wind velocity 
for the discharge height range of 0.5 to 3.0 ft. This occurs because these droplets have short life times 
and do not travel downward far enough to deposit before completely evaporating.  

  
Figure 5. The effect of relative humidity on mean drift distances of 

25, 50, 100 and 200 micron size water droplets for 10 mph wind velocity. 
(The ambient temperature= 65 degrees F). 

Table 5. Effect of droplet discharge height and wind velocity on drift 
distances of various size droplets discharged downward at 65 ft/second 

toward a target. (Temperature: 70 degrees F; Relative Humidity = 50%) 
Initial 

Droplet 
size 

(micron)

Wind 
velocity 
(mph)

Drift distances (ft)
Nozzle height (ft)

0.5 1 1.5 2 2.5 3.0

50 2 0.43* 13.87* 14.02* 14.14* 14.22* 13.97*
50 4 14.28* 23.51* 23.72* 23.80* 23.83* 23.98*
50 6 19.96* 32.92* 33.41* 33.65* 33.78* 33.76*
50 8 25.61* 42.32* 43.18* 43.40* 43.39* 43.73*
50 10 31.20* 51.48* 52.29* 52.89* 53.37* 53.43*
100 2 0.50 1.50 3.37 5.40 7.51 9.85
100 4 0.99 2.99 6.76 10.82 15.02 19.72
100 6 1.48 4.47 10.15 16.23 22.54 29.62
100 8 1.98 5.97 13.51 21.63 30.05 39.51
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Increased discharge height resulted in increased drift distances for 100 micron diameter and larger water 
droplets (Table 5). For example, with 10 mph wind velocity and 65 ft/second initial droplet velocity, 
when discharge height increased from 0.5 to 3.0 ft, the mean drift distance of 200 and 300 micron 
diameter droplets increased from 2.49 to 49.40 ft and 0.08 to 8.79 ft, respectively. When the discharge 
height increased from 0.5 to 3.0 ft, the mean drift distance of 100 micron diameter droplets increased 
from 1.98 to 39.51 ft and kept increasing until the discharge height of 10 ft is reached. When the 
discharge height is increased beyond 10 ft, the drift distance remained constant (217 ft) because the 100 
micron diameter water droplets completely evaporated before deposition.  

When simulations for large size droplets were performed, results indicated that if the discharge height 
becomes too large, even the large droplets have tendency to drift under high wind velocity conditions. 
For example, the mean drift distance of 1000 micron diameter droplets was 5 ft for wind velocity and 
discharge height of 22 mph and 10 ft, respectively. Computer simulation also indicated that the mean 
drift distances of 1000 and 2000 micron diameter droplets were 57 and 19 ft, respectively, before 
impaction 13 ft below the point of discharge for 22 mph wind velocity, 50% relative humidity, and zero 
mph initial droplet velocity.  

Figure 6 illustrates the effect of discharge height of droplets on the mean drift distances of 50, 100, 200, 
and 300 micron diameter water droplets for 10 mph wind velocity, 50% RH and 65 degrees F. The 
graph shows that increasing discharge height above 0.5 ft had no affect on the mean drift distance of 50 
micron diameter droplets because they completely evaporated before depositing. However, increasing 
discharge height of 100 micron diameter and larger droplets affects their mean drift distances. Changes 
in discharge heights have less effect on mean drift distances as droplet size increases above 200 micron 
diameter.  

100 10 2.49 7.47 16.91 27.06 37.59 49.40
150 2 0.04 0.29 0.92 1.80 2.77 3.76
150 4 0.07 0.57 1.82 3.57 5.50 7.49
150 6 0.11 0.86 2.73 5.34 8.25 11.23
150 8 0.16 1.15 3.63 7.12 11.01 14.99
150 10 0.19 1.43 4.55 8.92 13.78 18.75
200 2 0.02 0.07 0.20 0.61 1.13 1.76
200 4 0.03 0.14 0.38 1.19 2.24 3.51
200 6 0.05 0.20 0.55 1.76 3.34 5.23
200 8 0.06 0.27 0.75 2.37 4.48 7.01
200 10 0.08 0.34 0.93 2.98 5.63 8.79
300 2 0.00 0.01 0.05 0.11 0.20 0.38
300 4 0.02 0.05 0.10 0.24 0.41 0.79
300 6 0.02 0.07 0.15 0.35 0.62 1.17
300 8 0.02 0.08 0.21 0.46 0.80 1.56
300 10 0.04 0.12 0.26 1.04 1.04 1.97
* Droplet completely evaporated before deposition. 
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Initial Droplet Velocity 

Pesticides are applied with many different types of nozzles. The velocity of droplets delivered by 
nozzles depends on the configuration of the nozzle, and operating pressure. Table 6 shows the effects of 
initial droplet velocity (0-120 ft/second) and wind velocity (2.5-10.0 mph) on the mean drift distances of 
various size water droplets directed downward toward a target 1.5 ft below the point of discharge. 
Relative humidity and ambient temperature were 50% and 70 degrees F, for all simulations. The data 
indicate that increasing the initial downward droplet velocity can decrease the mean drift distances 
before deposition of 75 micron diameter and larger droplets. When spray is directed downward from a 
nozzle centered over a row of plants, for example, it is important to maximize spray deposition on the 
target. Even for 30 ft/second initial droplet velocities, the drift distances of 100 micron diameter and 
smaller water droplets would be excessive when spraying row crops if the droplets were exposed to 
crosswinds with velocities of only 1 mph. Also, for many applications where the spray is exposed to 
crosswinds, the drift distances of 200 micron diameter droplets would be excessive for droplets directed 
downward with slow velocities. For example, the mean drift distances of 200 micron diameter droplets 
in 2.5 mph crosswinds are 2.4 and 0.9 ft for droplets directed downward with 0 and 30 ft/sec velocities, 
respectively. When wind velocity was 10 mph, the mean drift distance of 200 micron diameter droplets 
decreased from 9.88 to 0.28 ft as the initial downward droplet velocity increased from 0 to 120 ft/s. 
Some applicators use large droplets to reduce spray drift potential. With no initial downward droplet 
velocity (zero ft/second) and 18 in discharge height, the mean drift distances of 1000 micron diameter 
droplets were 0.24, 0.63, 1.08, and 1.62 ft when wind velocities were 2.5, 5.0, 7.5, and 10.0 mph, 
respectively. With 60 ft/sec instead of 0 m/s initial velocity, the mean drift distance of the 1000 micron 
diameter drops was only 0.04 ft when wind velocity was 10 mph. Table 6 also illustrates that initial 
droplet velocities had no effect on drift distances of 50 micron diameter water droplets. None of the 
50micron diameter and smaller droplets reached 18 in below the point of discharge before complete 
evaporation for a range of initial droplet velocities from zero to 120 ft/second and wind velocities from 
2.5 to 10.0 mph.  

  
Figure 6. The effect of discharge height of droplets on drift 

distances of 50, 100, 200, and 300 micron diameter water droplets at 10 
mph wind velocity (RH= 50%, T= 65 degrees F.) 

Table 6. Effect of initial droplet velocity and wind velocity on drift 
distances of various size water droplets directed downward toward a 

target 18 inches below point of droplet discharge. (Temperature: 70 degrees F;
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Relative Humidity = 50%)

Droplet 
size 

(micron)

Wind 
velocity 
(mph)

Drift Distances (ft) 
Initial Droplet Velocity (ft/second) 

0 30 60 90 120
50 2.5 16.50* 16.42* 16.40* 16.53* 16.50*
50 5.0 28.80* 28.74* 28.62* 28.67* 28.67
50 7.5 40.76* 40.73 40.74 40.70 40.54*
50 10.0 52.98* 52.70* 52.43* 52.48* 52.67*
75 2.5 17.86 13.05 11.35 10.29 9.09
75 5.0 33.83 25.82 22.19 20.03 18.31
75 7.5 49.58 38.64 33.03 29.74 27.17
75 10.0 65.28 52.26 44.00 39.49 36.01
100 2.5 5.39 5.39 4.37 3.64 3.06
100 5.0 14.51 10.79 8.75 7.26 6.10
100 7.5 21.84 16.25 13.11 10.88 9.12
100 10.0 29.25 21.75 17.51 14.48 12.15
150 2.5 3.64 2.05 1.26 0.73 0.39
150 5.0 7.34 4.10 2.49 1.45 0.76
150 7.5 11.07 6.19 3.73 2.15 1.12
150 10.0 14.83 8.34 5.00 2.87 1.49
200 2.5 2.36 0.89 0.31 0.13 0.07
200 5.0 4.82 1.79 0.58 0.25 0.15
200 7.5 7.34 2.72 0.89 0.82 0.20
200 10.0 9.88 3.72 1.20 0.52 0.28
300 2.5 1.39 0.24 0.08 0.04 0.03
300 5.0 2.91 0.49 0.15 0.08 0.5
300 7.5 4.56 0.76 0.22 0.12 0.07
300 10.0 6.23 1.06 0.31 0.17 0.11
500 2.5 0.67 0.08 0.03 0.01 0.00
500 5.0 1.52 0.16 0.05 0.03 0.03
500 7.5 2.49 0.25 0.09 0.05 0.03
500 10.0 3.58 0.34 0.11 0.06 0.04
1000 2.5 0.24 0.03 0.00 0.00 0.00
1000 5.0 0.63 0.05 0.03 0.01 0.00
1000 7.5 1.08 0.08 0.03 0.03 0.01
1000 10.0 1.62 0.11 0.04 0.03 0.03
* Droplet completely evaporated before deposition.
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Figure 7 illustrates the influence of droplet size and initial downward velocity on drift distances of 50 to 
300 micron diameter water droplets for 10 mph wind velocity. The relative humidity and ambient 
temperature were 50% and 70 degrees F for all simulations. As evident from the data presented on 
Figure 7, for 10 mph wind velocity, drift distances are greatly influenced by both droplet size and the 
initial downward velocity of the droplet. The drift distances of 100 micron diameter and larger droplets 
decreased with increased initial droplet velocity. Figure 7 also illustrates the large difference in drift 
distances between 100 and 200 micron diameter water droplets.  

Conclusions 

The following conclusions are based on the computer simulations of mean drift distances of water 
droplets within the range of variables discussed in this publication.  

1. 1. Changes in wind velocity, discharge height, ambient temperature and relative humidity had 
much greater influence on the drift distances of droplets 100 micron diameter or less than on 200 
micron diameter and larger droplets. For droplets that did not evaporate before deposition, there 
was a nearly linear relationship between wind velocity and drift distance. 

2. 2. With 100% RH, 10 micron diameter droplets drifted beyond 650 ft when wind velocity 
exceeded 5.5 mph. 

3. 3. Droplets 50 micron diameter and smaller completely evaporated before reaching 18 inches 
below the discharge point, regardless of initial velocity, for relative humidities 60% and lower and 
temperatures between 55 and 85 degrees F. Also, the mean drift distances of these droplets 
increased with increased droplet size. 

4. 4. Mean drift distances of 100 micron diameter and larger droplets increased with increased wind 
velocity and discharge height, but decreased with increased droplet size and discharge velocity. 

5. 5. Drift distances of water droplets as large as 200 micron diameter were influenced by initial 

  
Figure 7. The influence of droplet size and initial downward 

velocity on drift distances of 50 to 300 micron diameter water droplets 
for 10 mph wind velocity (RH= 50%, T=70 degrees F). 
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droplet velocity and height of discharge. 

6. 6. For 10 mph wind velocity, 20% turbulence intensity, 50% RH, 70 degrees F ambient 
temperature, 60 ft/second initial downward droplet velocity and 18 inches discharge height, the 
mean drift distances of 100, 200, and 500 micron diameter droplets were 17.5, 1.2, and 0.11 ft, 
respectively. 

7. 7. The drift potential of 200 micron diameter droplets is considerably less than for 100 micron 
diameter droplets. Unless some means such as shields or air jets are used, drift reduction 
techniques should be directed toward reducing the portion of spray volume contained in droplets 
less than 200 micron diameter for applications where minimizing drift is important. For some 
applications, such as with high nozzles and slow initial downward velocity and high wind 
velocity, droplets larger than 200 micron diameter may be needed to satisfactorily reduce drift. 
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Introduction

Spray drift, movement of pesticide droplets through air during or after application to a site
other than the intended targets of application, is one of the most critical problems
pesticide applicators have to deal with. For example, three-fourths of agriculture-related
complaints investigated by the Ohio Department of Agriculture involved drift issues; two-
thirds of the total complaints in a five-year period brought to the attention of Iowa
Department of Agriculture were related to drift problems; about one-third of court cases
due to spray misapplications reported by a major insurance company involved drift
damages. Drift problems will become even more critical in the future when farmers use
more genetically modified crops which restrict use of non-selective herbicides because
even a small amount of these herbicides can cause serious damage to neighboring
crops.

Although complete elimination of spray drift is impossible, problems can be minimized if
chemicals are applied with the proper equipment and methods under favorable weather
conditions. Increased awareness of environmental quality and better understanding of the
causes of spray drift can help operators make reasonable judgments for safer, more
efficient applications.

Factors that significantly influence off-target movement of droplets are wind velocity and
direction, droplet size and density, and distance from the atomizer to the target. Other
factors that influence drift include droplet velocity, and direction of discharge from the
atomizer, volatility of the spray fluid, relative humidity, ambient temperature, and
atmospheric turbulence intensity. Many scientists have conducted field tests to study
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influence of these variables on spray drift. Unfortunately, field tests have the limitation
that weather conditions cannot be controlled and the variables that influence spray drift
may interact and vary during a test.

Computer simulations can allow determination of effects of different variables such as
droplet size and velocity, relative humidity, and wind velocity on spray drift. One such
computer model or commercially available computational fluid dynamics (CFD) program
was evaluated by Reichard et al. (1992) in Ohio for modeling the effects of several
variables on spray drift. Experiments were conducted to verify the accuracy of the
computer model in predicting drift distances of water droplets in a wind tunnel with a
single size droplet generator. These tests revealed that the computer model could be
used to accurately calculate spray drift distances for a wide range of spray droplet sizes
and wind velocities. With the computer model, individual or mean droplet trajectories
were determined for different values of several variables listed above (Zhu et al., 1994).
However, the model is very expensive and requires special operator skills and a high-
speed computer with a large memory space to operate. It also takes long time to
calculate a drift distance even for a single simulation condition.

DRIFTSIM is a simplified and user-friendly version of a computer model developed with a
visual BASIC language program to interpolate values from a large database of drift
distances originally calculated from the CFD model evaluated by Reichard et al. (1992).
Detailed information on DRIFTSIM is given in a publication by Zhu et al. (1995). DRIFTSIM
can be used to determine effects of major drift-causing factors on the mean drift distances
up to 656 feet from the release point for individual water droplets or classes of droplets.
These factors or variables used in DRIFTSIM are listed in Table 1, with the limiting values
acceptable to DRIFTSIM.

Table 1. Variables and their ranges used in DRIFTSIM program
RangeVariable American Unit Metric Unit

Wind velocity 0-22 mph 0-10 m/s
Droplet size 10-2000 Micron (µm) 10-2000 µm
Droplet velocity 0-110 mph 0-50 m/s
Discharge height 0-6.5 ft 0-2.0 m
Temperature 50-86 °F 10-30 °C
Relative humidity 10-100 % 10-100 %

Turbulence intensity is another important factor indicating how much the wind velocity
varies about the mean. It can vary considerably in field conditions, but based on the
frequency of nearly 20% turbulence intensity observed in many of the field
measurements conducted in Ohio, a constant value of 20% turbulence intensity was
used in DRIFTSIM for all calculations.

For classes of droplets in this version of DRIFTSIM, the upper-limit log normal (ULLN)
method (Goering and Smith, 1978) was used to calculate the drop-size distribution
produced by a nozzle. The ULLN method used three size measurements, DV.1, DV.5, and
DV.9 to estimate the volume of spray in droplets less than a selected droplet size. The DV.1,
DV.5, and DV.9 for the droplet size spectra produced by a specific nozzle can be measured
with most modern droplet sizing instruments. DRIFTSIM computes the drift distance for the
average of lower and upper droplet size for each size class. It also computes the portion of
spray in each size class.
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Terms used in DRIFTSIM program

Single size droplets: For the program to calculate a mean drift distance of a given size
droplets with other variables

Array of droplets (DVs): For the program to calculate drift distances with the portion of
volume for many size classes of droplets by entering Dv.1, Dv.5 and Dv.9

Dv.1: Droplet diameter such that 10% of total liquid volume that is in droplets smaller than
Dv.1 (micron or µm)

Dv.5: Droplet diameter such that 50% of total liquid volume that is in droplets smaller than
Dv.5 (micron or µm)

Dv.9: Droplet diameter such that 90% of total liquid volume that is in droplets smaller than
Dv.9 (micron or µm)

Array of droplets (nozzle): For the program to calculate drift distances with the portion
of volume for many size classes of droplets by selecting nozzle type [Note: In
DRIFTSIM, data is available for only a limited number of nozzles]

Temperature: Ambient air temperature during spray operation (°F in American unit or °C
in Metric unit)

Relative humidity: Relative humidity of ambient air (%)
Wind velocity: Wind speed at nozzle level during the spray application (mph in

American unit or m/s in Metric unit)
Discharge height: Nozzle orifice height above the ground (ft in American unit or m in

Metric unit)
Droplet velocity: Velocity of droplets near the outlet of the nozzle orifice (mph in

American unit or m/s in Metric unit)
Droplet diameter: Droplet diameter near the outlet of the nozzle orifice (micron or µm)
Operating pressure: Liquid pressure acting on the nozzle orifice (psi or kPa)

Operating DRIFTSIM

To operate DRIFTSIM, minimum requirements for a computer are Pentium PC with a CD
drive, MS-Windows version 3.1 or later, 8 MB of memory, 30 MB free hard drive space,
and a mouse.

DRIFTSIM is compact enough to fit on a CD. It can be operated from either a CD or a
computer hard drive. DRIFTSIM automatically starts running when the CD containing
DRIFTSIM is inserted in the CD drive of the computer. To operate the program from the
computer hard drive, DRIFTSIM files and program should be first copied onto the hard
drive, and then the user should execute DRIFTSIM.exe file to start the program. The
program may run somewhat faster from a hard drive than a CD.

After the program starts, it gives three on-screen boxes for choosing units and droplet
size types and entering values of simulation variables. A selection of units or droplet size
types can be changed at any time during the operation without needing to exit the
program. To change the value of any variable, simply click on the input area next to the
variable, and enter a value that is within the acceptable range defined in Table 1. Only
two screens appear during the whole calculation process: input and result screens.
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Steps to run DRIFTSIM from a CD

(1) Insert CD in the computer.
(2) Introductory information for DRIFTSIM as shown in Figure 1 appears on the

screen.

Figure 1

(3) Click on the “Start Driftsim” box. Three on-screen boxes for choosing and
entering simulation conditions appear on the screen as shown in Figure 2. [Note:
initial values for drift variables shown on the screen are built into DRIFTSIM.
These values are only examples, not recommended values.]
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Figure 2

(4) Select either “American” or “Metric” unit for calculation.
(5) Select one of the three choices as a type of input for the droplet size: “Single size

droplets”, “Array of droplets (DVs)”, or “Array of droplets (nozzle)”.
(6) For “Single size droplets”, follow steps (7) to (11); for “Array of droplets (DVs)”,

follow steps (12) to (17); for “Array of droplets (nozzle)”, follow steps (19) to (23).

[Note: Steps (7) to (11) are for “Single size droplets” only]
(7) Enter or change values for “Droplet diameter”, “Wind velocity”, “Discharge

height”, “Droplet velocity”, “Temperature”, “Relative humidity” for inputs of
variables. The value of “Droplet velocity” can be entered either by the user, or
automatically by the program once the user enters a value for the operating
pressure on the box which pops up on the screen as shown in Figure 3 after the
user empties the “Droplet velocity” box. A red error message appears in the box
under the variables if the value of an individual variable is outside the range
defined in Table 1.
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Figure 3

(8) Click on “Compute drift distance” to obtain the results on the screen as shown in
Figure 4.
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Figure 4

(9) Click on “Print results” if you want to get a printout of input variables and the
result.

(10) To continue running DRIFTSIM with a new or revised set of inputs for the “single
size droplet”, repeat steps (7) to (10).

(11) When you are done with all the simulations, exit DRIFTSIM by clicking on the X
at the upper right corner of the window on the screen.

[Note: Steps (12) to (17) are for “Array of droplets (DVs)” only]
(12) After choosing “Array of droplets (DVs)”, a new box for droplet size distribution

appears on the screen as shown in Figure 5.
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Figure 5

(13) Enter “Dv.1”, “Dv.5“ and “Dv.9“ values in boxes.
(14) Enter or change values for “Wind velocity”, “Discharge height”, “Droplet velocity”,

“Temperature” and “Relative humidity”.
(15) Click on “Calculate Drift Distance”. Drift distances of 9 size classes of droplets

along with the portion of the spray volume corresponding to each size class
appear on the screen as shown in Figure 6. Error message appears on this
screen if “Dv.1”, “Dv.5“ and “Dv.9“ values are not reasonable.
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Figure 6

(16) Click on either “Print Results” to get a printout of the results, or “Calculate
another drift distance” to repeat steps (13) to (16) for a revised or new set of
inputs.

(17) When you are done with all the simulations, exit DRIFTSIM by clicking on the X
at the upper right corner of the window on the screen.

[Note: Steps (18) to (23) are for “Array of droplets (nozzle)” only]
(18) After choosing “Array of droplets (nozzle)”, a new box with a list of several nozzles

appears on the screen as shown in Figure 7.
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Figure 7

(19) Click on one of nozzle choices, then “Dv.1”, “Dv.5“ and “Dv.9“ values automatically
appear in boxes for the nozzle chosen, as shown in Figure 8.
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Figure 8

(20) Enter or change values for “Wind velocity”, “Discharge height”, “Droplet velocity”,
“Temperature”, and “Relative humidity”.

(21) Click on “Calculate Drift Distance”. Drift distances of 9 size classes of droplets
along with the portion of the spray volume corresponding to each size class
appear on the screen as the same as step (15). Error message appears on this
screen if “Dv.1”, “Dv.5“ and “Dv.9“ values are not reasonable.

(22) Click on either “Print Results” to get a printout of the results, or “Calculate
another drift distance” to repeat steps (18) to (22) for a revised or new set of
inputs.

(23) When you are done with all the simulations, exit DRIFTSIM by clicking on the X
at the upper right corner of the window on the screen.

Steps to run DRIFTSIM from a computer hard drive

To operate DRIFTSIM from a hard drive, the user should copy both DRIFTSIM
subdirectory and all contents in the subdirectory, except AUTORUN.INF and
Browsercall.exe, from the CD to the hard drive [Note: the subdirectory name must be
DRIFTSIM; otherwise, the program will not work]. After the copying process is
completed, go to DRIFTSIM subdirectory in the hard drive and click on DriftSim.exe file.
DRIFTSIM introductory page should appear on the screen. Then follow steps (3) to (23)
above to run the program.
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1.0 INTRODUCTION 

Sundance West (Sundance West Facility) is a proposed Surface Waste Management Facility 

for oil field waste processing and disposal services.  The proposed Sundance West Facility is 

subject to regulation under the New Mexico Oil and Gas Rules, specifically 19.15.36 

NMAC, administered by the Oil Conservation Division (OCD).  The Facility has been 

designed in compliance with 19.15.36 NMAC, and will be constructed and operated in 

compliance with a Surface Waste Management Facility Permit issued by the OCD.  The 

Facility is owned by, and will be constructed and operated by, Sundance West, Inc. 

 
1.1 Description 

The Sundance West site is comprised of a 320-acre ± tract of land located approximately 3 

miles east of Eunice, 18 miles south of Hobbs, and approximately 1.5 miles west of the 

Texas/New Mexico state line in the South ½ of Section 30, Township 21 South, Range 38 

East Lea County, New Mexico (NM).  Site access will be provided via NM 18 and Wallach 

Lane. The Sundance West Facility will include two main components; a liquid oil field waste 

Processing Area (80 acres ±), and an oil field waste Landfill (180 acres ±).  Oil field wastes 

are anticipated to be delivered to the Sundance West Facility from oil and gas exploration 

and production operations in southeastern NM and west Texas.  The Site Development Plan 

provided in the Permit Plans, Volume III.1, identifies the locations of the Processing Area 

and Landfill facilities.     

 
 
2.0 DESIGN CRITERIA 

The purpose of the Wave Action Calculations presented herein is to provide the wave height 

and run-up for the evaporation ponds proposed for the Sundance West Processing Area.  The 

Sundance West Processing Area is planned to include 10 evaporation ponds, approximately 

420 feet (ft) in length and 200 ft in width, each with a capacity of approximately 9.5 acre-ft.  
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These calculations assume a pond length of 420 ft and a conservative wind speed of 75 miles 

per hour (mph).  Wave height and run-up must be less than the 3 ft of freeboard provided in 

the pond design.  The methodology applied for determining wave height and run-up in 

reservoirs for the Wave Action Calculations is provided in two documents, Low Cost Shore 

Protection:  A Guide for Engineers and Contractors (U.S. Army Corps of Engineers 2004; 

(Attachment III.10.A); and Water-Resources Engineering (Linsley & Franzini 1979; 

Attachment III.10.B). 

 
 
3.0 CALCULATION 

The fastest mile wind speed for a 25-year return period was obtained from Figure 16, 

Attachment III.10.A. The fastest mile wind speed is approximately 75 mph for the 

Sundance West site vicinity. 

 
Wave height in a pond is estimated using the following equation (i.e., page 166, Equation 7-

4, Attachment III.10.B): 

 
 Zw = 0.034 (Vw)1.06 F0.47 
 
Where:  Zw = height of wave (feet) 
  Vw = wind speed (mph) = 75 mph 
  F = fetch length (miles) = 420 feet/5,280 feet/mile = 0.080 miles 
 
Therefore: Zw = 0.034 (75 mph)1.06 (0.080 miles)0.47 
 
 Zw = 0.034 (97.2) (0.30) 
 
 Zw = 0.99 feet = height of wave in pond due to a 75 mph wind 
 

The height of wave runup for a smooth (i.e., HDPE liner) surface can be obtained from Table 

11, Attachment III.10.A. On Table 11, R = 1.75H for a 2.5H:1V smooth slope and R = 

1.50H for a 4.0H:1V smooth slope. Interpolating between these two values a value of R = 

1.68H is obtained for a 3.0H:1V smooth slope.  Therefore: 

 
Wave Runup = 1.68H = 1.68 (0.99 feet) = 1.66 feet for a 3H:1V smooth sideslope. 
 
Total: Wave height + Wave run-up = 0.99 feet + 1.66 feet = 2.65 feet 
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4.0 SUMMARY 

When considering a 75 mph wind across the length of the pond, a wave height of 0.99 ft is 

obtained. This wave will run-up approximately 1.66 ft up the sideslope of the pond. The 

ponds have been design with a minimum freeboard of 3 ft which will provide adequate 

protection against the combined potential impact of waves, wave run-up, and simultaneous 

rainfall event (i.e., 25 year, 24 hour rainfall = 4.9”). 
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LOW COST SHORE PROTECTION 
 
 
 
 
 

... a Guide for Engineers and Contractors 
 
 

WARNING!  Efforts were made to duplicate the original paper document 
(published more than 20 years ago) as closely as possible.  Formulas and/or 
text may have been omitted or confused during the electronic conversion 
process.   
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Structure Height 
 

Waves breaking against an inclined structure will run up to an elevation higher than the Stillwater 
level depending on the roughness of the structure.  Smooth concrete surfaces experience higher runup 
than rough stone slopes.  Vertical structures also cause splashing and can experience overtopping.  If 
possible, the structure should be built high enough to preclude severe overtopping.  White spray does 
little damage, but solid jets of "green" water should be avoided.  The required height of the structure will 
depend on the computed runup height based on the wave and structure characteristics.  Detailed guidance 
is presented in Stoa (1978) and (1979).  The runup height, R, can be found by a more approximate 
method as given below. 
 

First, find the wavelength at the structure by using either Figure 26 or Equation (3) with the known 
depth at the structure and the design wave period.  The definition sketch for runup is shown on Figure 27.  
For SMOOTH impermeable slopes, the runup, R, is given in Seelig (1980) by, 
 
 
R=HC1 (0.12L/H)^(C2 (H/ds)0.5 + C3) 
  
where: L = the local wavelength from Figure 26 or Eq. (3), 
 ds = the depth at the structure (feet), 
  the approaching wave height (feet), and 
C1, C2, C3             = coefficients given below. 
  
 
 
 
Structure Slope *           C1               C2                   C3 
 
 Vertical 0.96 0.23 +0.06 
 1 on 1.0 1.47 0.35 -0.11 
 1 on 1.5 1.99 0.50 -0.19 
 1 on 2.25 1.81 0.47 -0.08 
 1 on 3.0 1.37 0.51 +0.04 

*Interpolate linearly between these values for other slopes. 

For ROUGH slopes, Seelig (1980) gives the runup as, 

 
R = (0.69ξ/1+0.5ξ)H             (14) 

 
ξ = tan θ/(H/Lo)0.5       (15) 

 
Lo = 5.12 T2          (16) 

 
    θ = structure of the slope (e. g., tan θ = 0.25 for a slope of 1V on 4H 
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For STEPPED slopes, Stoa (1979) recommends using 70 to 75 percent of the smooth slope runup 

if the risers are vertical, and 86 percent if the edges are rounded. 
 
 A rough approximation of the runup height can be obtained from Table 11.  However, the values in 
the table tend to represent the upper bound of the available data and may result in over design.  Equations 
(13) and (14) or the methods given in Stoa (1978) and (1979) are recommended. 
 

If it is impossible or undesirable to build a structure to the recommended height, a splash apron 
should be provided at the top of the structure.  These are generally constructed of rock and they prevent 
the ground at the top from being eroded and undermining that portion of the structure. 
 
Environmental Factors 
 

Many different materials can be used to construct shore protection structures, including rock, 
concrete, timber, metal and plastics.  The choice often depends on the desired permanence of the 
protection.  Durable materials usually cost considerably more than shorter-lived materials used for 
temporary protection.  The choice of materials is important because the coastal environment is a harsh 
testing ground for all man-made structures.  Aside from wave forces, which are formidable in and of 
themselves, a host of chemical, biological and other factors can degrade structural 
materials.  A brief review of these follows. 
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by ordinary earth-moving methods would be expensive unless the excavated sedi­
ment has some sales value.

7-9 waves in reservoirs Earth dams must have sufficient freeboard
above maximum pool level so that waves cannot wash over the top of the dam.
Waves in reservoirs may also damage shoreline structures and embankments
adjacent to the water and interfere with navigation. Part of the design of any "
reservoir is an estimate of wind setup and wave height.

Wind setup is the tilting of the reservoir water surface caused by the move­
ment of the surface water toward the leeward shore under the action of the wind.
This current of surface water is a result of tangential stresses between the wind and
the water and of differences in atmospheric pressure over the reservoir. The latter,
however, is, typically, a smaller effect. As a consequence of wind setup, the reser­
voir water surface is above normal still-water level on the leeward side and below
the still';'water level on the windward side. This results in hydrostatic unbalance,
and a return flow at some depth must occur. The water-surface slope which results
is that necessary to sustain the return flow under conditions of bottom roughness
and cross-sectional area of flow which exist. Wind setup is generally larger in
shallow reservoirs with rough bottoms.

Wind setup may be estimated from

(7-3)

where Zs is the rise in feet (meters) above still-water level, Vw is the wind speed in
miles (kilometers) per hour, F is thefetch or length of water surface over which the
wind blows in miles (kilometers), and d is the average depth of the lake along the
fetch in feet (meters). In SI metric units, the constant in the denominator becomes
63,200.

Equation (7-3) is modified! from the original equation developed by Dutch
engineers on the Zuider Zee. Additional information and techniques are given in
other references. 2 Wind-setup effects may be transferred around bends in a reser­
voir and the value of F used may be somewhat longer than the straight-line fetch.

When wind begins to blow over a smooth surface, small waves, caned capil­
lary waves, appear in response to the turbulent eddies in the wind stream. These
waves grow in size and length as a result of the continuing push of the wind on the
back of the waves and of the shearing or itangential force between the wind and the
water. As the waves grow in size and length, their speed increases until they move
at speeds approaching the speed of the wind. Because growth of a wave depends in
part upon the difference between wind speed and wave speed, the growth rate
approaches zero as the wave speed approaches the wind speed.

1 T. Saville, Jr., E. W. McClendon, and A. L. Cochran, Freeboard Allowances for Waves in Inland
Reservoirs, J. Waterways and Harbors Div., ASCE, pp. 93-124, May, 1962.

2 Shore Protection, Planning and Design, Tech. Rept. 3, 3d ed., U.S. Army Coastal Engineering
Research Center, June, 1966.
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The duration of the wind and the time and direction from which it blows are
important factors in the ultimate height of a wave. The variability of the wind and
the amazingly complex and yet to be funy understood response of the water
surface to the wind lead to a wave pattern that is a superposition of many waves.
The pattern is often described by its energy distribution or spectrum. The growth
of wind waves as a function of fetch, wind speed, and duration can be calculated
from knowledge of the mechanism of wave generation and use of collected empiri­
cal results. 1 The duration of the wind and the fetch play an important role because
a wave may not reach its ultimate height if the wave passes out of the region of
high wind or strikes a shore during the growth process. The depth of water also
plays a key role, tending to yield smaller and shorter waves in deep water.

Wave-height data gathered at two major reservoirs 2 confirm the theoretical
and experimental data for ocean waves if a modified value of fetch is used. The
derived equation is

Zw = O.034V~·06F°.47 (7-4)

1 W. J. Pierson, Jr., and R. W. James, Practical Methods for Observing and Forecasting Ocean
Waves, U.S. Navy Hydrographic Office Pub. 603, 1955 (reprinted 1960).

2 T. Saville, Jr., E. W. McClendon, and A. L. Cochran, Freeboard Allowances for Waves in Inland
Reservoirs, J. Waterways and Harbors Div., ASCE, pp. 93-124, May, 1962.
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Figure 7-14 Significant wave heights and minimum wind durations (from Saville, McClendon, and
Cochran). For metric version see Appendix B.
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ligure 7-15 Computation of effective fetch. (Modified from Saville, McClendon, and Cochran)

vhere Zw is the average height in feet (meters) of the highest one-third of the waves
lnd is called the significant wave height,Vw is the wind velocity in miles (kil­
lmeters) per hour about 25 ft (7.6 m) above the water surface, and F is the fetch in
niles (kilometers). In SI metric units the coefficient becomes 0.005. The equation
s shown graphically in Fig. 7-141 together with lines showing the minimum dura­
ion of wind required to develop the indicated wave height. Figure 7-15 shows the
nethod of computing the effective fetch for a narrow reservoir.

Since the design must be made before the reservoir is complete, wind data
lver land must generally be used. Table 7-2 gives ratios of wind speed over land to
hose over water and may be used to correct observed wind to reservoir condi­
ions. Waves are critical only when the reservoir is near maximum levels. Thus in
electing the critical wind speed for reservoirs subject to seasonal fluctuations,

1 A graph for the solution of Eq. (7-4) in 81 metric units is given in Appendix B-l.
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7-2 JL,....n1..I..."\1t..li'-~'...~.>.:>I(;:'!~hlU~nV between over
Saville, McClendon, Cochran)

over water. (After

Fetch, mi (km) 0.5 (0.8) 1 (1.6) 2 (3.2) 4 (6.5) 6 (9.7) 8 (12.9)

Vwater / ~and 1.08 1.13 1.21 1.28 1.31 1.31

only winds which can occur during the season of maximum pool levels should be
considered. The direction of the wind and the adopted fetch must also be the same.

The height of the significant wave is exceeded about 13 percent of the time. If a
more conservative design is indicated, a higher wave height may be chosen. Table
7,~3 gives ratios of z'/zw for waves of lower exceedance.

When a wave strikes a land slope, it will run up the slope to a height above its
open-water height. The amount of run-up depends on the surface. Figure 7-16
shows the results of small-scale experiments 1 on smooth slopes and rubble
mounds. Height of run-up Zr is shown as a ratio zr/zw and is dependent on the
ratio of wave height to wavelength (wave steepness). Wavelength Afor deep-water
waves may be computed from

A = 5.12t; ft or A = 1.56t; m (7-5)

where the wave period tw is given by

tw= 0.46~.44Fo.28 (7-6)

For shallow-water waves other length relations are appropriate.2 In metric units
the coefficient of Eq. (7-6) becomes 0.32. The curves for rubble mounds represent
extremely permeable construction, and for more typical riprap on earth embank­
ments the run-up may be somewhat higher, depending on both the permeability
and the relative smoothness of the surface.

7-10 Reservoir clearance The removal of trees and brush from a reservoir site is
an expensive operation and is often difficult to justify on an economic basis. The

1 T. Saville, Jr., Wave Run-up on Shore Structures, Trans.• ASCE, Vol. 123, pp. 139-158, 1958;
R. Y. Hudson, Laboratory Investigation of Rubble-mound Breakwaters, Trans. ASCE, Vol. 126, Part
IV, pp. 492-541, 1962.

2 Shore Protection, Planning and Design, Tech. Rept. 3, 3d ed., U.S. Army Coastal Engineering
Research Center, June, 1966.

i-3 Percentage waves exceeding various wave 11.11"'ll,,,,"".11''''''''' greater than
Saville, CLlcnOlon, and Cochran)

z'/zw 1.67 lAO 1.27 1.12 1.07 1.02 1.00
Percentage of waves> z' 004 2 4 8 10 12 13
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Figure 7-16 Wave run-up ratios versus wave steepness and embankment slopes. (From Saville,
McClendon, and Cochran)

main disadvantages resulting from leaving the vegetation in the reservoir are the
Jossibilities that (1) trees will eventually float and create a debris problem at
:he dam, (2) decay of organic material may create undesirable odors or tastes in
;vater-supply reservoirs, and (3) trees projecting above the water surface may
;reate an undesirable appearance and restrict the use of the reservoir for
~ecreation.

Frequently all timber which would project above the water surface at mini­
num pool level is removed. This overcomes most of the problems cited above at
lome savings over the cost of complete clearance.

Reservoir leakage Most reservoir banks are permeable, but the permeability
s so low that leakage is of no importance. If the walls of the reservoir are of badly
ractured rock, permeable volcanic material, or cavernous limestone, serious leak­
1ge may occur. This leakage may result not only in a loss of water but also in
iamage to property where the water returns to the surface. If leakage occurs
:hrough a few well-defined channels or within a small area of fractured rock, it




