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1.0 INTRODUCTION 

DNCS Environmental Solutions (DNCS Facility) is a proposed Surface Waste Management 

Facility for oil field waste processing and disposal services.  The proposed DNCS 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, DNCS Properties, LLC. 

 
1.1 Description 

The DNCS site is comprised of a 562-acre ± tract of land located south of NM 529 in 

portions of Section 31, Township 17 South, Range 33 East; and in the northern half of 

Section 6, Township 18 South, Range 33 East, Lea County, NM.  A portion of the 562-acre 

tract is a drainage feature that will be excluded from development.  The drainage feature 

includes a 500-ft setback and totals 67 acres ±.  The DNCS Facility will include two main 

components; a liquid oil field waste Processing Area (177 acres ±), and an oil field waste 

Landfill (318 acres ±); therefore the DNCS Facility comprises 495 acres ±.  Oil field wastes 

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

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

provided in the Permit Plans, Sheet 3, identifies the locations of the Processing Area and 

Landfill facilities.   
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2.0 DESIGN CRITERIA 

The leachate collection system piping for the DNCS Landfill is designed to meet the 

requirements of the regulatory standards identified in the New Mexico Oil and Gas Rules 

(i.e., 19.15.36 NMAC).  More specifically, 19.15.36.14.C.(3) NMAC requires that the 

leachate collection pipe be able to: 

 
“…[withstand] structural loading and other stresses and disturbances from overlying oil 

field waste, cover materials, equipment operation, expansion or contraction…” 

 
The purpose of these Pipe Loading Calculations is to confirm that Schedule 80 polyvinyl 

chloride (PVC) or high-density polyethylene (HDPE) standard dimension ratio (SDR 11) 

solid and perforated piping incorporated into the DNCS Landfill design will remain intact 

after placement of waste fill, and retain its required characteristics after exposure to operating 

equipment and long term stresses (see Figure III.5.1). The basic design approach consists of 

calculating the deflection on the leachate collection pipe, which cannot exceed its allowable 

value, with a minimum factor of safety against failure of 1.0. 

 
TABLE III.5.1 

Comparison of PVC and HDPE Pipe 
DNCS Environmental Solutions 

 

Characteristic 
6” Diameter Leachate Collection Pipes 

Schedule 80 PVC HDPE 
Dimension Ratio 16 11.0 
Method of Joining Gasketed Welded 
Manning’s Number (n) 0.009 0.010 
Outside Diameter (in) 6.625 6.625 
Min. Wall Thickness (in) 0.432 0.602 
Nominal Weight/ft (lb/ft) 5.313 4.970 
Tensile Strength (psi) 5,000 5,000 
Modulus of Elasticity (psi) 400,000 35,000 
Flexural Strength (psi) 14,450 135,000 
 
 
Information listed in Table III.5.1 is provided in Attachment III.5.C and Attachment 

III.5.F. 
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3.0 PIPE STRENGTH CALCULATIONS  

3.1 6-Inch Schedule 80 PVC Perforated Pipe 

In order to confirm that the 6-inch (in) Schedule 80 PVC perforated collection piping is able 

to withstand maximum stresses from the overlying soil profile, the pipes were analyzed for 

adequate protection against: 

• Ring Deflection 
• Wall Buckling 
• Equipment Loading 

 
3.1.1 Perforated Schedule 80 PVC Pipe Dimensions (Attachment III.5.C) 

• Pipe nominal diameter:  6-in 
• Pipe Outside Diameter (OD):  6.625-in 
• Pipe Wall Thickness (t):  0.432 in 
• Pipe Inner Diameter (ID):  5.76 in 
• Perforation Hole (/FT) :  12 perforation holes 
• Perforated Hole Diameter (IN): 0.5 in 

 
3.1.2 Loads Acting on the PVC Leachate Collection Pipe 

To calculate the total vertical load on the pipes, PT, the pressure from each overlying layer 

was calculated and summed.  The greatest waste depth occurs Unit 5 on cross section A-A’ 

(Figure III.5.1).  There will be 20 layers:  

• 3-foot (ft) thick final cover 
• 1-ft thick intermediate cover 
• Sixteen 10-ft thick layers of waste for 160 ft of total waste 
• 2 ft of protective soil layer 
• A 1 ft thick leachate collection layer  

 

Based on the known thickness of each layer and assigned unit weights, the pressure that will 

be exerted by each layer was calculated.  The results for PT are presented in Table III.5.2. 
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TABLE III.5.2 
Pipe Loading Parameters  

DNCS Environmental Solutions 
 

Layer 
Thickness 

(feet) 
Unit Weight 

(pcf) 
Actual Load 

(psf) 
Final Cover Soil 4 110 440 
Intermediate Cover Soils 1 110 110 
Waste 160 74 11,840 
Protective Soil Layer 2 110 220 
Drainage Rock above Pipe 1 130 130 

Design Load (PT) 
 

TOTAL: 
12,740 psf 
(88.5 psi) 

 
 

3.1.3 Correction of Load on Pipe with Perforations  

Perforating pipes reduces the effective length of pipe available to carry loads and resist 

deflection.  The effect of perforations can be taken into account by using an increased load per 

nominal unit length of the pipe.  The increased vertical stress to be used equals: 

 
Static Vertical Load per Unit Length of Pipe (WC): 
 
 WC = (PT)(Do)/(1- ((n)(d)/12))  (Attachment III.5.A, p. 306) 
 
 Where:  
  PT =  Design load (psi) 
  Do =  Outside Diameter of the Pipe (in) 
  n =  number of perforated holes per foot of pipe 
  d =  diameter of perforated hole on the pipe (in) 
 
 WC = [(88.5 psi)(6.625)] / [1 – ((12)(0.5 in) / 12)]  
 
 WC = [(88.5 psi)(6.625)]/0.5 
 
 WC = 1,172.6 lbs/in = 14,071.2 lbs/ft 
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3.1.4 Deflection 

The standard formula used for solid waste industry applications in calculating flexible pipe 

deflection under earth loading is that developed by Sprangler.  This equation, also known as the 

Modified Iowa formula, is presented together with suggested values for its various constants in 

Qian et al. 2002, Chapter 9, and is as follows: 

 

( )( ) 







+

=∆
))('(061.0
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rEIE
rWKD

X cL   (Attachment III.5.A, p. 305) 

 
Where:     

∆X =  horizontal and vertical deflection of the pipe (in) 
DL =  a factor, generally taken at a conservative value of 1.5, compensating for 

the lag or time dependent behavior of the soil/pipe systems 
(dimensionless) (Attachment III.5.A, p.307) 

Wc=  vertical load acting on the pipe per unit of pipe length (1,029.5 lbs/in). 
r =  mean radius of the pipe (OD – t)=((6.625 in – 0.432 in)/2) = 3.1 in  
E =  modulus of elasticity of the pipe materials (400,000 psi) (Attachment 

III.5.C, p. 220) 
E’ =  modulus of passive soil resistance in Crushed Rock (3,000 psi) 

(Attachment III.5.A, p. 307) 
K =  bedding constant, reflecting the support the pipe receives from the 

bottom of the trench (assumes Bedding angle = 180o; therefore K = 
0.083) (Attachment III.5.A, p. 306) 

I =  moment of inertia of pipe wall per unit of length (in4/in); for any round 
pipe, I = t3/12 where t is the average thickness (in) = ((0.432)3/12) = 
0.0067 in4/in 

DL =  1.5 
KWcr3 = (0.083)(1,172.6 lbs/in)(29.79 in3) = 2,899.3 lbs/in2 

EI =  (400,000 lbs/in2)(0.0067 in4/in) = 2,680.0 lbs-in 
(0.061)(E’)(r3) = 0.061(3,000 lbs/in2)(29.79 in3) = 5,451.6 lbs-in 

 
     Deflection = [(1.5)( 2,899.3 lbs/in2)]/[(2,680.0 lbs-in + 5,451.6 lbs-in)] 
 
     Deflection = 4,348.9 lbs/in2 / 8,131.6 lbs-in 
 
     Deflection = 0.54 in 
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Ring Deflection (RD): 
 

% RD = [∆X /(Di + t)] x 100  (Attachment III.5.A, p. 308) 
 

Where:  
Di =  Internal pipe diameter 

  t =  pipe wall thickness 
 

%RD = [0.54/(5.76+0.432)] x 100 
 

%RD = 8.7 % 
 
Recognizable reversal of curvature is found in buried PVC pipe at a deflection of 30 percent 

(Attachment III.5.C, p. 249); this deflection is a conservative performance limit.  The 

deflection of 8.7% has a factor of safety of 30%/8.7% = 3.4. 

 
3.1.5 Wall Buckling 

Wall buckling may govern design of flexible pipes under conditions of loose soil burial, if the 

external load exceeds the compressive strength of the pipe material.  For a circular ring 

subjected to a uniform external pressure, the critical buckling pressure (Pcr) is defined by 

Meyerhof and Baike as: 

 
 Pcr =  2 x {[(E’)/(1-v2)] [(E)(I)/r3]}1/2  (Attachment III.5.A, p. 311) 
 

Where:   
Pcr =  critical buckling pressure, psi 

  E’ =  modulus of soil reaction = 3,000 psi 
E =  Modulus of Elasticity of Pipe = 400,000 psi 

  v =  Poisson’s Ratio = 0.38 for PVC Pipe (Attachment III.5.C, p. 251)  
I =  moment of inertia of the pipe wall per unit length = t3/12 = 0.0067 in4/in 

  t =  pipe wall thickness = 0.432 in 
  r =  mean radius of pipe = 3.1 in 
 
 Pcr = 2 x {[(3,000 psi) / (1-(0.382)] [(400,000)(0.0067) / 29.79]}0.5 

 
 Pcr = 2 x {[3,506.3][89.96]}0.5 

 
 Pcr = 1,123.26 psi 
 
The factor of safety is then determined: 
 
 FS = Pcr / PT 
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 FS = 1,123.26 psi / 88.5 psi 
 
 FS = 12.7 
 

3.1.6 Equipment Loading 

Worst-case conditions would include a piece of equipment operating over the leachate 

collection pipe after 2 ft of protective soil layer has been placed.  A loaded CAT 627 Scraper 

was used conservatively as the piece of equipment operating on top of the leachate collection 

pipe.  The CAT 627 Scraper has the following specifications (Reference Caterpillar 

Performance Handbook, Edition 29): 

• Tractor Weight = 48,061 lbs 
• Scraper Weight = 33,399 lbs 
• Soil Load (20 cy) = 48,000 lbs 
• Total weight = 129,460 lbs 
• Max weight per tire = 33,012 lbs (assumes 49% of the total weight acts on the rear tires 

and 51% of the weight acts on the front tires). 
• Tire width = approximately 18 in =1.5 ft 
• Tire contact length = approximately 4 in = 0.33 ft 
• Tire contact area = (18 in)(4 in) = 72 in2 = 0.50 ft2 

 
Superimposed loads distributed over an area during equipment operations are determined from 

the following equation (ASCE, 1982): 

 
WSD = (CS)(p)(F)(BC) 

 
Where:   

WSD =  Load on pipe (lbs/ft) 
  p =  Intensity of distributed load (lbs/ft2) 
  F =  Impact factor 
  BC =  Outside diameter of pipe (ft) 
  CS =  Load coefficient 
 
The load coefficient is a function of D/2H and M/2H, in which H is the height from the top of 

the pipe to the ground surface (2 ft) and D and M are the width and length, respectively, or the 

area over which the distributed load acts.  Table 4C.3, Attachment III.5.D, p. 4C-16, lists 

values of the load coefficients for loads centered over the pipe. 
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Determining the required parameters: 

 H = 3 ft 
 D = 1.5 ft 
 M = 0.33 ft 
 F = 1.0 (Table 4C.4, Attachment III.5.D, p. 4C-17) 
 BC = 6.625 in = 0.55 ft 
 D/2H = 1.5 ft/(2(3 ft)) = 0.250 
 M/2H = 0.33 ft/(2(3 ft)) = 0.055 
 p = 33,012 lbs/(1.5 ft)(0.33 ft) = 66,691 lbs/ft2 

 CS ~ 0.053 per Table 4C.3, Attachment III.5.D, p. 4C-16 
 
Therefore: 
 

WSD = (0.053)(66,691 lbs/ft2)(1.0)(0.55 ft) 
 

WSD = 1,944.0 lbs/ft = 162.0 lbs/in 
 
The superimposed load due to equipment loading is less than static loading conditions (WC) 

calculated in Chapter 3.1.3 as 1,029.5 lbs/in; therefore the static loading conditions govern. 

 
3.1.7 Perforated PVC Pipe Loading Summary 

The critical design criteria of ring deflection and wall buckling for PVC pipe were evaluated 

for the DNCS Landfill.  Results are summarized in Table III.5.3. 

 
TABLE III.5.3 

Perforated PVC Pipe Results 
DNCS Environmental Solutions 

 
Design Criteria Critical Value Actual Value Factor of Safety 

Ring Deflection 30% 8.7 % 3.4 
Wall Buckling 1,123.26 psi 88.5 psi 12.7 

 
 
As shown, for each limiting design criterion, the factor of safety is greater than design 

criteria, thus the performance standard for the selected pipe is more than adequate. 
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3.2 6-Inch SDR 11.0 HDPE Pipe 

In order to determine the capability of 6-in HDPE SDR 11.0 perforated collection pipes to 

withstand maximum stresses from the overlying soil profile, the pipes were analyzed for 

adequate protection against ring deflection and wall buckling using Attachment III.5.F, 

Driscopipe, Inc., Polyethylene Piping Systems Manual. 

 
Wall buckling occurs if the total external soil pressure exceeds the pipe-soil system’s critical 

buckling pressure; and excessive ring deflection occurs if the vertical strain in the 

surrounding soil envelope is greater than the allowable ring deflection of the pipe.  SDR 11.0 

HDPE pipe has been found to be equivalent or better than PVC piping in landfill leachate pipe 

applications (i.e., greater resistance to buckling and crushing).  SDR stands for standard 

dimension ratio which is the ratio of the outside pipe diameter to the pipe wall thickness SDR= 

OD/t.  As opposed to the schedule nomenclature used for PVC piping, as the SDR gets smaller 

the thickness of the pipe wall is increased.  A comparison of the two pipe types is made in 

Table III.5.1. 

 
3.2.1 6-Inch Diameter SDR 11.0 HDPE Pipe Dimensions (Attachment III.5.E) 

• Pipe nominal diameter:  6-in 
• Pipe Outside Diameter (OD):  6.625-in 
• Pipe Wall Thickness (t):  0.602 in 
• Pipe Inner Diameter (ID):  5.35 in 
• SDR :     11.0  
• Perforation Hole (/FT) :  12 perforation holes 
• Perforated Hole Diameter (IN): 0.5 in 

 
3.2.2 Loads Acting on the Leachate Collection Pipe 

To calculate the total vertical load on the pipes, PT, the pressure from each overlying layer 

was calculated and summed.  The greatest waste depth occurs in Unit 5 on cross section A-

A’ (Figure III.5.1).  There will be 20 layers:  

• 4-ft thick final cover 
• 1-ft thick intermediate cover 
• Sixteen 10-ft thick layers of waste for 160 ft of total waste 
• 2 ft of protective soil layer 
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• A 1 ft thick leachate collection layer  
 
Based on the known thickness of each layer and assigned unit weights, the pressure that will 

be exerted by each layer was calculated.  The results for PT are presented in Table III.5.2. 

 
3.2.3 Correction of Load on Pipe with Perforations (HDPE SDR 11.0) 

Perforating pipes reduces the effective length of pipe available to carry loads and resist 

deflection.  The effect of perforations can be taken into account by using an increased load per 

nominal unit length of the pipe. The increased vertical load per unit length of pipe is calculated 

as follows: 

 
Static Vertical Load per Unit Length of Pipe (WC): 
 
 WC = (PT)(Do)/(1- ((n)(d)/12))  (Attachment III.5.A, p. 306) 
 
 Where:   

PT =  Design load (psi) 
  Do =  Outside Diameter of the Pipe (in) 
  n =  number of perforated holes per foot of pipe 
  d =  diameter of perforated hole on the pipe (in) 
 
 WC = [(88.5 psi)(6.625)] / [1 – ((12)(0.5 in) / 12)]  
 
 WC = [(88.5 psi)(6.625)]/0.5 
 
 WC = 1,172.6 lbs/in = 12.354 lbs/ft 
 
The design value in psi is found by dividing the design load in lbs/in by the diameter of pipe.   
 

PD= 1,172.6/6 = 195.4 psi. 
 

3.2.4 Deflection 

The ring deflection of the pipe can be calculated from the following Modified Iowa formula: 
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Where:   
ΔX=  Ring deflection (in) 
DL= Deflection lagging factor = 1.5 , compensating for the lag or time 

dependent behavior of the soil/pipe systems (dimensionless) 
(Attachment III.5.A, Page 307) 

K=  Bedding factor = 0.083 (Attachment III.5.A, Page 306) 
WC=  Vertical load per unit length of pipe, lb/in = 1,172.6 lb/in 
r=  mean radius of the pipe (OD – t)=((6.625 in – 0.602 in)/2 = 3.0 in  
E=  Modulus of elasticity = 35,000 psi (Attachment III.5.F, Page 43) 
I =  Moment of Inertia = t3/12 (in4/in) = ((0.602)3/12) = 0.0182 
E’=  Soil modulus = 3,000 psi (Attachment III.5.A, Page 307) 

 
Ultimate degree of compaction and E’ will increase as waste is placed over the leachate trench 

resulting in at least 3,000 psi for the modulus of passive soil resistance.  
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The ring deflection is then used to determine the ring bending strain using the equation: 
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Where:   

ε =  Wall strain 
fD=  deformation shape factor = 6.0 (Attachment III.5.G, page 112) 
Δx =  Deflection From previous calculation = 0.58 in 
DM =  Mean Diameter, in 
C =  Distance from outer fiber to wall centroid, in 

 
C= 0.5(1.06t), where t = wall thickness 

 
C = 0.5 x 1.06 x 0.602 = 0.319 in  

 

%2.6062.0
6

)319.0(2
6
58.0)0.6( ==













=ε  

 
The wall strain of 6.2% is less than 8%, which has an acceptable factor of safety of 8%/6.2% = 

1.3 (Attachment III.5.G, page 112). 
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3.2.5 Wall Buckling 

Wall buckling may govern design of flexible pipes under conditions of loose soil burial, if 

the external load exceeds the compressive strength of the pipe material.  To determine a 

factor of safety for wall buckling the pipe critical-collapse differential pressure Pc must be 

calculated using the following formula (Attachment III.5.F, p. 43): 

 

 3

)(32.2
SDR

EPc =  where E is the modulus of elasticity, approximately 35,000 psi  

 

psiPc 00.61
0.11

)000,35(32.2
3 ==  

 
The critical-collapse pressure can then be used to determine the critical buckling pressure 

from the following relation (Attachment III.5.F, p. 43): 

 
))('(8.0 ccb PEP =   

 
Where:  

Pcb=  Critical buckling pressure  
E’=  Long term degree of compaction of bedding = 3,000 psi (Attachment 

III.5.A, p. 307) 
 

psiPcb 23.342)00.61)(000,3(8.0 ==  
 
The factor of safety is then determined: 
 

75.1
4.195
23.342

===
D

cb

P
P

FS  

 
3.2.6 Wall Crushing 

To determine a factor of safety for wall crushing the following equations were used 

(Attachment III.5.F, p. 42): 
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Where:   
SA=  Actual compressive stress, psi 

   PD=  Total external pressure on the top of the pipe, psi 
   PD=  Wc/D = 1,172.6/6 = 195.4 psi 
 
For a SDR of 11.0 the actual compressive stress is: 
 

psiS A 9774.195
2

)10.11(
=×

−
=  

 
The factor of safety can then be found using the compressive yield strength of HDPE pipe of 

1,500 psi (Attachment III.5.F): 

 

53.1
977
500,1

==
psi
psiFS  

 
3.2.7 Equipment Loading 

Equipment loading on the HDPE pipe is based on the same assumptions as the PVC pipe 

calculation. 

 
3.2.8 HDPE Pipe Loading Results 

Calculations for ring deflection, wall crushing, wall buckling, due to dead and live loading 

stresses for the existing and proposed 6-in laterals were completed and the following table 

summarizes the results. 

 
TABLE III.5.4 

SDR 11.0 HDPE Pipe Results  
DNCS Environmental Solutions 

 
Design Criteria Critical Value Actual Value Factor of Safety 

Dead Load Only 
Ring Deflection 8.0 % 6.2% 1.29 
Wall Buckling 342.23 psi 195.4 psi 1.75 
Wall Crushing 1,500 psi 977 psi  1.53 

 
 
As shown, for each limiting design criterion, the factor of safety is greater than design 

criteria, thus the performance standard for the HDPE pipes is more than adequate. 
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4.0 REFERENCES 

Leachate pipe strength calculations were completed using guidelines provided on Table 

III.5.5. 

 
TABLE III.5.5 

Leachate Pipe Strength References  
DNCS Environmental Solutions 

 
A. “Geotechnical Aspects of Landfill Design and Construction”, Xuede Qian, Robert M. 

Koerner, Donald H. Gray, Prentice Hall, 2002 
B. “Waste Containment Systems, Waste Stabilization, and Landfills”, Hari D. Sharma 

and Sangeeta P. Lewis,  John Wiley & Sons, 1994 
C. “Handbook of PVC Pipe Design”, Uni-Bell PVC Pipe Association, 2001 
D. WDOE Landfill Design Manual, 1987 
E. “Design and Engineering Guide for Polyethylene Piping”, Poly Pipe Industries, Inc, 

2008 
F. “Polyethylene Piping Systems Manual”, Driscopipe, Inc., 2008 
G. Chevron Phillips, “Bulletin: PP 900”, Book 2 – Chapter 7, p. 112, 2003 
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(9..12)

Number or PerfDration Holes:

N = QinlQh
= 0.0002184/0.00002114

= 10.35 holes/ft (34 holcs/m)

So, usc 12 holcs/ft (40 holes/m); that is 6 holes per foot (20 holes per meter) each side as shown
in Figure 9.3.

9.4 DEFORMATION AND STABILITY OF LEACHATE COLLECTION PIPE

All components of the leachate collection and removal system must have sufficient
strength to support the weight of the overlying waste, cover system, and post-closure
loadings, as well as the stresses from operating equipment. The component that is per
haps the most vulnerable to compressive strength failure is the drainage layer piping.
Leachate collection and removal system piping can fail by excessive deflection, which
may l~ad to buckling or collapsing. Pipe strength calculations should include resistance
to pipe deflection and critical buckling pressure. This situation is heightened by the
current tendency to create extremely large landfills, sometimes called "megafills.))

9.4.1 Pipe Deflection

Leachate collection pipes may excessively deform during construction, during the
active life of the landfill or under the post-closure loading. This deformation may lead
to buckling and eventual collapse. Thus, leachate pipes should be handled carefully
and brought on site only when the trench is ready. Passage of heavy equipment directly
over a pipe must be avoided. A pipe can be installed in either a positive or negative
projection mode. However, every effort should be made to install it in a negative pro
jection mode (Figure 9.2), although at times it may be necessary to install a pipe in a
positive projecting mode (Figure 9.5). The essential difference between these two COl1-

Cover geotextile overlap
with OS' to 2" diameter
washed stone envelope

Nonwoven geotextile tIlter

. 4"±~::.: '>~ aro,lind stone el1.dQ~~__._

o5" to 2" Diameter ".. " 'i/ ,,'I \. [ . .:. '.' .

~va~h~d slOl:e eI~velo.~e I" q '1,,'1 q 'i/ 'I " : : :. .' ~ .. ".<.., .'.".. '. ... '.:
........ :: ..." '.': .. ··1" " 'I" t, 2, Minimum sanel ...

. '. ~~rfol:~~e'd: PiPe~. A'I'i/ ~'J ~U-'1'1 q '1'1: ... :1
f

. ". G~~~~e;~~~~~le .:
........ ': .:~" ",,_'V_ 'I ~l.. "

Primary compacted Primary
clay liner geomembrane

FIGURE 9.5 Leachate Collection Pipe in <l Positive Projection Mode
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cepts is that a negative projection allows for soil arching which limits the loael on the

pipe. Conversely, posiLivc projection can actually add load to the pipe. Spangler
("1960)1 among others, explains these concepts for deeply buried pipelines. The design
of a pipe must be checked to ascertain whether it will be able to withstand the load
during both preconstruction and IJostconstruction periods. Usually one of two types of
pipes are useel l HDPE or PVc. These are considered as flexible type pipes. This infers
that they do not rupture or break. under excessive load, they deform, and if c.xcessivelYl
buckle and/or collapse. The basic 'design approach consists of calculating the deflection
of the pipe, which should not exceed the allowable value. The following formula l com
monly known as the lvIodified Iowa formula, can be used to estimate pipe deflection
(Spangler and Handy, 1973; NIoser, 1990).

JIIlodijied Iowa Forrnula:

DL·J{·Wc·r J

6.x=----
E· I + 0.061E'· 1'3

(9.16)

where !:l.X = horizontal deflection, in or m (Figure 9.6);
[( = bedding constant, its value depending on the bedding angle (see

Table 9.1 and Figure 9.7); also, as a general rule, a value of K = 0.1 is
assumed;

DL = deflection lag factor (see Table 9.2);
vVc = vertical load per unit length of the pipel Ib/in or kN/m;

r = mean radius of the pipe, r = (Do - t)/2, in or m;
E = elastic modulus of the pipe material, Ib/in2 or kN/m2

;

I = moment of inertia of the pipe wall per unit length,
I = t1/12, in4/in = in3 or m4/m = m3

;

t = thickness of pipe, in or m; and
E! = soil reaction modulus, Ib/in2 or kN/m2

, see Table 9.3.

I:::.X
2--1 -

(a) Assumed pressure distribution on flexible pipe (b) Pipe deflection uncler pressure

FIGURE 9.6 Buried Flexible Pipe
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TABLE 9.1 Values of Bedding CO!1slant, J(

.::- ..~:.~ .. --: 0: .#,

~ -. :., .. z· = :-.. t. #~o. J-

Betiding Angle, () (degree)

o
30
45
60
90
l~O

180

Bedding Constant, [(

0.110
O.IO~

O.IOS
0.102
0.090
0.090
0.083

The deflection of the pipe, I:1X, calculated from Equation 9.16 is the deflection in the
horizontal direction, as shown in Figure 9.6. When the deflection of pipe is not large
(e.g., less than 10%), the vertical deflection of pipe, ~ Y, is usually assumed to be
approximately equal to the horizontal det1ection of pipe, ~X.

Vertical Load per Unit Length of Pipe:
For Solid Pipe,

vVc = (2:Yi ·I-n· Do

where 1tVc = vertical load per unit length of the pipe, lblin or kN/m;
Yi = unit weight of material i on the pipe (sand, clay or solid waste),

lb/in3 or kN/m3
;

Hi = thickness of material i, in or m; and
Do = outside diameter of the pipe, in or m.

For Perforated Pipe,

('2>;-' H) DVV = _~ l __0

C (1 - n.d/12)

where vVc = vertical load per unit length of the pipe, lb/il1 or kN/m;
Yi = unit weight of material i (soils or solid waste), lb/in3 or

(9.17)

(9.18)

.Hi = thickness of material i, in or m;
Do = outside diameter of the pipe, in or ni.;

d = diameter of perforated hole or 'y'v'idth of perforated slot on the pipe, in
or m; and \

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

FIGURE 9.7 Pipe Bedding Angle
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TABLE 9.2 Approxim,lle Range \lfValucs or /)J.

Variahk Range

1.5 to 2.5

1.0

Remarks

If the soil in the trench is not compacted,
then the higher value of DL should be used.
When deflection calculations arc based on

prism loads.

TABLE 9.3 Average Values of Soil Reaction Modulus, E' (for Short Term Flexible Pipe Deflection) (Howard, 1977)

£' for degree of compaction of bedding

No data available; consult a competent soils engineer; Otherwise
lise E l = 0

200 Ib/in2 1,000 [b/in2 2,0001b/in2 3,0001b/in2

(1,380 kN/m2
) (6,900 kN/m2

) (13,800 kN/m 2
) (20,700 kN/m2)

l,OOOlb/in2 3,000Ibiin:: 3,OOOlb!in2 3,000Ib/in2

(6,YUO kN! rr:2
) (20,700 kN/m2

) (20,700 kNii'l/) (20,700 kN/m 2)

±2 ±2 ±1 ±O.5

Soil type-pipe bedding material
(United Classification System/,

Fine-grained soils (LL > 50/'
Soils with medium to high
plasticity CR, MR, CH-MR

Fine-grained soils (LL < 50)
Soils with medium to no plasticity
CL, ML, ML-CL, with less than
25% coarse-grained particles

Fine-grained soils (LL < 50)
Soils with medium to no plasticity
CL, ML, ML-CL, with more than
25% coarse-grained particles

Coarse-grained soils '.vith fines
OM, GC, SM, SC contains more
than 12% fines

Coarse-grained soils with lillIe or 110

fines
OW, GP, SW, Spc contains less
tha n 12% fines

Crushee! rock

Accuracy in term or percentage
deflcctiond

Dumped

so lb/in1

(345 kN/m2
)

100 lb/in2

(690 kN/m 2
)

Slight,
< 85 % Proctor,
< 40 cyo relative

density

200lb/in2

(1,380 kN/m2
)

400lblin2

(2,760 kN/m2
)

Moderate,
85%-95%

Proctor,
40%-70%

relative density

400lb/in2

(2,760 leN/m2
)

1,0001b/in2

(6,900 kN/m2
)

High,
> 95 % Proctor,
> 70% relative

density

1,000Ib/in2

(6,900 kN/m2
)

2,000Ib/in2

(13,800 kN/m2
)

• ASTM Designation D'2/187, USBR Dcsignation E-]
~ LL = Liquid Limit
C or any borderlinc soil beginning Wilh Ullt v[ these symb~)ls (i.e., GM-GC, GC·SC)
d for ± 1% accuracy und preciicted deflection o[ 3%, actuul deflection would be belween 2% and 4'10

Note: Values applicable only for soil fills Jess lhan 50 ft (1.1 m). Table does not include any safety factor. For
use in predicting initial dct1ections only-appropriate deflection lag factor must be applied [or long-term
deflections. If bedding falls on the borderline between two compaction categories, select lower E' value or
average the two values. Percentage Proctor based on laboratory maximum dry density [rom test standards
using about 12,500 fl-lb/f(' (600 m-kN/mJ

) (ASTM D698, AASHO '1'..99, USBR Designation E-l t).

Use~ with permission o[ ASCE.
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The parameter tila t con trois the pipe deformation is known as the deflection
ratio. Thc deflection ratio of a pipe is defined as the ratio of the vertical deflection of
pipe and the mean diameter of the pipe.

Deflection Ratio:

DeflectionRatioCX)) = (/'::,.Y/D) >< 1.00 c;'h (9.19)

wher.c D. Y -:: vertical deflection of pipe, 6. Y "'~ 6.X when the deflection is less than
10%, in or m; and

D = mean diameter of pipe, in or m.

Mean Dicuneter of Pipe:

D = (D +- 1)·)/2 = I) - t = f). +- to i 0 I

where D = mean diameter of pipe, in or 111;
Do = outside diameter of pipe, in or m;
D j = inside diameter of pipe, in or m; and·

t = thickness of pipe, in or m.

(9.20)

There is another formula that can be used tQ estimatc the deflection of the pipe.
It is essentially an alternative version of the Jvlodified Iowa formula and has been
widely used in the engineering field. This formula is

DL • J(. vVct1X = --.--.---
0.149· PS +- 0.061- E'

(9.21)

where I1X = horizontal deflection, in or 111 (Figure 9.6);
]( = bedding constant, its value de.pendillg on the bedding angle (see Table

9.1and Figure 9.7); as a general rule, a value of K = 0.1 is assumed;
D L = deflection lag factor, see Table 9.2;
We = verticalloacl per unit length of the pipe, Ib/in or kN/m;
PS = pipe stiffness, lb/in2 or kN/m2

; and
£' = soil reaction modulus, Ib/in2 or kN/m2

.

. . .

The vertical pressure on solid pipe is given by

(9.22)

(9.23)

The vertical pressure on perforated pipe is given by

) ", .. f[.
P = ..~_.~_I_'__

tp (I -- n' d/12)

where P tp = vertical pressure on the pipc, Pcp = vVjD o , lb/in2 or kN/m2
; .

'Yi = unit weight of material i on the pipe (sand, clay or solid waste), lb/in]
or kN/m3

;

Hi = thickness of material i) in or m;
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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 ASTfvf D2412 (Standard Test 1\1cthocl [or
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

and

where

E·l
PS = ----

0.149' r 3

PS = 0.559· E·(tlr?

E
PS = 4.47·------ (9.26)

(SDR - 1)3

PS ~ pipe stiffness, Iblin2 or kN/m2
;

E = elastic modulus of the pipe material, Ib/in2 or kN/m2
;

I = moment of inertia of the pipe wall per unit length,
1 = t3/12, in4/in ~. in3 or m4/m = 111

3
;

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

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

(9.24)

(9.25)

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, £1) 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 1.50 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 using
observed pipe deflections. Research by Selig (1990) showed that £1 is a function of the
bedding condition and overburden pressure. Selig's studies were carried out to seck a
correlation between the soil reaction modulus and soil stiffness parameters such as

TA8Lt 9.4 A!!0wablc Deflection Ratio 0: l)olye~hylene Pipe

SDR Allowable Deflection Ratio

11 2.7%
13 ..5 3.4°/0
15.5 3.9';'fc,
17 4.2%
19 4.7%
21 5.2%
26 6.5%
32.5 8.1%
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Young's modulus of soil, E S1 and the constrained modulus of soil, lvls> where Es ,md D s

are related through Poisson's ratio of soil, 'Us, by

(9.27)

where IvIs = constrained modulus of soil, Ib/ft2 or kN/m2
;

Es = elastic modulus of soil, Ibl1:e or kN/m2
; and

Vs = Poisson's ratio of soil.

The studies and analyses by Neilson (1967), Allgood and Takahashi (1972), <lnd
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
Vs = 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):

£' = 2-Es (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 (ASTl\Il D698).

TABLE 9.5 Elastic Soil Paramelers (Selig, 1990)

85% Standard Density 95% Standard Density
Soil Type

Slress Level E Es5

psi kPa psi MPa 1)5 psi MPa /)5

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, GP 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"'" 16,000 HO 0.29.L.U

1 7 600 4 0.25 I.ROO '1~ 0.34iL.

5 35 700
,

5 0.24 2,500 17 0.29

OM, SM, ML, aile! 10 70 800 6 0.23 2,900 20 0.27

Ge, SC with < 20% fines 20 140 850 6 0.30 3,200 22 0.29

40 280 900 6 0.38 3,700 25 r,\""'''''
V .•iL.

60 420 l,OOO 7 0,41 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, SC 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 OAO 1,500 10 0.38
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9.4.2 Pipe Wall Buckling
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Buckling can occur because of insufficient stiffness. Buckling may govern design of
flexible pipes subjected to internal vacuum, external hydrostatic pressure, or high soil
pressures in compacted soil (Figure 9.8). As ivloser (1990) notcs the more flexible the
conduit (e.g., high values of SDR), the more unstable the wall structure will be in
resisting buckling.

lVlost conduits are buried, in a soil medium that does offer considerable shear
resistance. An exact rigorous s~lution to the problem of buckling of a cylinder in an
elastic medium entails some advanced mathematics (wloser, 1990). However, because
of uncertainties in the behavior and performance of the surrounding soil, an exact
solution is not necessary. Meyerhof and Baike (1963) developed the following empiri
cal formula for computing the critical buckling pressure in a buried circular conduit:

vYhcre,
Pcr = critical buckling pr~ssure, Ib/in2 or kNinl;
E' = modulus of soil reaction, Ibiin2 or kN/m2

, see Table 9.3;
fJv = Poisson's ratio of pipe material;
E = modulus of elasticity of the pipe material, Ib/in2 or kN/m2

;

I = moment of inertia of the pipe wall per unit length,
in4/in = in3 or m4/m = m3

, I = f 112; and .
r = mean radius of the pipe, in or m.

Because I = P/12 and r = DI2, Equation 9.30 can be rewritten as

Pcr = 2'(Gb 'E')1/2

where

(9.30)

(9.31)

(9.32)

Wall bucking

/
I

!
l

\

FIGURE 9.8 Localized Wall Buckllng
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t = thickness of pipe, in or m and
D = mean diameter of pipe, in or m

The factor of safety for pipe wall buckling can be determined by

FS = PerlPtp (9.33)

whcrp PiP = actual vertical pressure at the top of the pipe, obtained from Equation
9.22 or Y.'2J, ib/in2 or kNfm2

.

In both Equations 9.30 and 9.31 initial out-oE-roundness is neglected but the reduction
in PCI' because of this has been assumed to be no greater than 30% (Moser, 1990). As a
result, a factor of safety 2:: 2 is recommended for use with Equation 9.33 in the design
of a flexible conduit to resist buckling.

EXAMPLE 9.2

An 8-irich (200-mm) SDR U HDPE perforated pipe with 8, 0.25-inch (6-mm) holes per foot (i.e.,
4 holes per side per foot) is selected as a primary leachate collection pipe. The maximum load
acting on the pipe includes a 2-ft (0.6-m) protective sand layer (Ysanel = 115 Ibift3 or 18 leN/m3

),

100-ft (30-m) solid waste ('Ywaste = 60 lbfft3 or 9.4 kN/mJ
), 12-inch (0.3-m) gas venting layer

(Ysal\cJ = 1151b/ftJ or 18 kN/m3
), 18-inch (O.45-m) compacted clay layer (Yelal' = 110 lb/fe or

17.3 kNfmJ
), 24-inch (0.6-m) drainage and protective layer ('Ysilt = 110 Lb/ft3 or 17.3 kN/mJ

), and
6-inch (0.15-m) topsoil (Ytop = 90 Ib/ft3 or 14 kN/mJ

). Assume bedding angle e = 0°, deflection
la-g factor D L = 1.0, elastic modulus of the pipe material for 50 years at 73°P (23°C) temperature
E = 28,200 Ib/in2, (194,000 kN/m2

), Poisson's ratio of pipe material f.L = 0.3. The bedding mater
ial of the pipe is poorly graded gravel (ap) with 85% standard density. What will be the deflec
tion ratio (%) and critical buckling pressure of the pipe?

Solution: The maximum load applied on the pipe is given by

( 22 Yi' Hi} Do
ltV =----- (9.18)

c (1 - n'dl12)

[(115)(2) + (60)(1.00) -\- (115)(1) + (110)(3.5) + (90)(0.5)) x 8/12

,(1 - 4 X 0.25/12)

(230 + 6,000 + 115 + 385 + 45) x 8/12

0.917

6,775 x 8/12
-------------

0.917

- 4,925 th/ft = 410 lb/in (72 kNfm)

The maximum pressure applied on the pipe can be obtained from

Pip = WjDa = 410/8 = 51.3 Ib/in2 (354 kN/m2
)

From Table 9.5,

PlP = 40 Ib/in2
, E, = 4,100 ib/in?
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For Plp = 51.3 Ib/inL
,

Es = 4,HJO -,- (51.3 _. 40)(4,700 - 4,400)/20 = 4,100 .;. 339 = 4,4391b/in2

The soil reaction modulus is given by

E' = 2· Es = 2 >< 4,439 = 8,878 iblin2 (61,200 kN/m 2
)

The thickness of pipe is given by ,

f:::: Do/SDR

= 8/11 = 0.73 in (0.0185 m)

The mean diameter of pipe is

D = Do - t

= 8 -- 0.73 = 7.27 in (0.1847 m)

Also,

Deflection lag factor, D L = 1.0;
Bedding angle e = 0°, J( = 0.11;
Mean radius of the pipe, r = 3.635 in (0.0923 m);
Elastic modulus of the pipe material, E = 28,200 ib/inl (194,000 kN/m2

);

Soil reaction modulus, £' = 8,8781b/in2 (61,200 kN/m2
);

and
Inertia moment of the pipe wall per unit length, in4/in = in3

, given by

jVJodified Iowa Formula:

D] ·j(·W ·r1
b.X = --.:. c__

E·I + 0.061E'·rJ

(1.0)(0.11)(410)(3.635)3

--f4e8~etr;(O.0324) + (0.061)(1,000)(3.635)-'

(1.0)(0.11)(410)(48.03)
---

(28,200)(0.0324) +- (0.061)(8,878)(48.03)

2,166
--_._---
914 + 26,011

= 0.08 in (2.0 mm)

Def7.ectiol1 Ratio:

(9.29)

(9.6)

(9.20)

(9.16)

Det1ection Ratio = (iJ.Y/D) X 100% (9.1.9)

= (0.08/7.27) X 100%

= 1.1 % < 2.7 % (ok, as sho\',111 in Table 9.4)

Wall Buckling of Pipe."
Modulus of soil reaction, E 1 = 8,8781b/inl

, (61,200 kN/m2
);
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Poisson's ratio of pipe material, iJ- = 0.3;
iVIDClulus ()f elasticity or the pipe material, E = 2R,200 [b/in!. ([94,000 kN/rTI"~);

Moment of inertia of the pipe wall per unit length, 1 == 0.0324 in} (5.270 >< 10 -7 111
3);

Mean radius of the pipe, r = 3.635 in (0.0923 111).
Thwi,

P
CI

= 2'{[!.~·'/(l .- !./)](E']/r' )}1/2

= 2 X {[8,878/C! ._- 0.32)][(28,200 X O.0324.)/(3.635)3)}1/1.

= 2 X [9,756 x (913.68/48.03) J'f2
= 2 X (185,589y/2

= 2 X 431

= 862 iblin2 (5,943 kN/mL
)

The factor of safety for pipe wall buckling is, then,

(9.30)

(9.33)

9.5 SUMP AND RISER PIPES

FS == PC/PIp == 862/51.3 == 16,8 > 2 (OK)---------

Leachate collection sumps are low points in the landfill liner constructed to collect and
removal leachate. The sumps are filled with gravel to provide the maximum space
(volume) for leachate accumulation, as well as to support the weight of the overlying
waste, cover system, and post-closure loadings. Comnlonly, the composite liner system
is slightly depressed or indented to create these sumps (shown in Figures 9.9 and 9,10).
The absence of sketches illustrating continued gravity flow of leachate beyond the lim
its of the cells and/or landfill using liner penetrations is intentional. The authors do not
recommend such practice due to the difficulty of making liner seams in this remote of
alllocatiol1S, With double liner systems, the situation is even more difficult. Even with
the sketches of Figures 9,9 and 9.10 it is difficult to test the geomembrane seaming in
such sumps because of the slope and corners at which the seams occur. Because of the
difficulty in seam testing sumps, sump areas often are designed with an additional
layer of geomembrane. Sulfates are one of the most C0l111ll0n and abundant con
stituents in landfill leachate. Accordingly, all concrete comp.onents in a sump (e.g.,
riser pipe and foundation pad) must be constructed using low watei-/cement ratios and
sulfate resistm~t, Class V Portland cement (ACT, 1998). Failure to observe this precau
tion can lead to sulfate attack and disintegrati'on of the concrete. Sulfate attack occurs
when calcium, alumina, and sulfate combine to form the mineral ettringite
(3eaO· AJ 20 3 • 32H20) in the cement matrix, The volume of ettringite is over 200%
that of the original constif'uents, which can result in massive swelling and cracking
when sufficient ettringite forms by the sulfation of alumina. Aiternatively, many sumps
now are being constructed using premanufacturecl units made of HDPE, with large
diameter HDPE pipe or HDPE manholes. Although more costly, the factory manufac
tured sumps can be thoroughly tested and installed as 1I unit.

Figure 9,9 shows details of vertical riser (manhole) removal designs for primary
and secondary leachate collection systems, The manhole riser extends vertically
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Figure 9.29 Bedding angle. (From Moser, 1990.)

approximately 1.5 times greater than the load determined using Marston's equation.
The bedding constant is dependent on the bedding angle, as depicted in Figure 9.29.
Values for the bedding constant are given in Table 9.12.

In the preceding paragraphs on soil stiffness we discussed the modulus of passive
resistance of the soil, e, and noted that the units for e were not dimensionally
correct. The Iowa formula was therefore modified and the following equation is
known as the modified Iowa formula:

(9.34)

where E' = er. E' is known as the modulus of soil reaction. Methods for establish
ing this value were given in the preceding soil stiffness paragraphs. Actual deflec
tions may be estimated using the modified Iowa formula by assuming that horizontal
and vertical deflections are equal.

WATKINS' RING STABILITY EQUATION. Deflection may also be calculated using Wat
kins' (1989) ring stability equation. The ring stability equation is based on assuming
incipient collapse of the pipe; however, it is important to note that incipient collapse
does not mean imminent collapse. Rather, it refers to a c~n~ition of possible .col-

TABLE 9.12 Values of Bedding Constant, K

Bedding Angle (deg)

o
30
45
60
90

120
180

Source: Moser (1990).

K

0.110
0.108
0.105
0.102
0.096
0.090
0.083
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