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494 LEACHATE COLLECTION AND REMOVAL SYSTEMS

Bedding
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Pt

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 ¢ were not dimensionally
correct. The owa formula was therefore modified and the following equation is
known as the modified Iowa formula:

DK W.r

A A O RLER

(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 condition of possible col-

TABLE 9.12 Values of Bedding Constant, K

Bedding Angle (deg) K

0 0.110

30 0.108

45 0.105

60 0.102

90 ; 0.096

120 0.090

180 0.083

Source: Moser (1990).
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APPENDIX 4C
COLLECTION PIPE MATERIALS AND STRUCTURAL REQUIREMENTS
4C.1 COLLECTION PIPE MATERIALS

Pipe that may be suitable for leachate collection systems is manufactured -to meet nationally
recognized product specifications. Some materials are moire appropriate than others for use in a
leachate collection system and the various types of pipe should be evaluated carefully. Various
factors -to consider are:

Intended use (type of leachate)
Flow requirements

Scour or abrasion conditions
Corrosion conditions

Product characteristics
Physical properties
Installation requirements
Handling requirements

Cost effectiveness

No single pipe product will provide optimum capability in every characteristic for all leachate
collection system design conditions. Specific application requirements should be evaluated prior
to selecting pipe materials.

Pipe materials for leachate collection applications fall within the two commonly accepted
classifications of rigid pipe and flexible pipe. Rigid pipe materials derive a substantial part of
their basic earth load carrying capacity from the structural strength inherent in the rigid pipe wall,
while flexible pipe materials derive load carrying capacity from the interaction of the flexible
pipe and the embedment soils. Products commonly available within these two classes are:

1. Rigid Pipe
a. Asbestos-cement pipe (ACP)
b. Cast iron pipe (CIP)
C. Concrete pipe (CP)
d. Vitrified clay pipe (VCP)

2. Flexible Pipe
a. Ductile iron pipe (DIP)
b. Steel pipe (SP)
c. Thermoplastic pipe
Acrylonitrile-butadiene-styrene (ABS)
ABS composite
Polyethylene (PE)
Polyvinyl chlorine (PVC) d. Thermoset plastic pipe
Reinforced plastic mortar (RPM)
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e Reinforced thermosetting resin (RTR)

Within the rigid pipe classification, the suitability of cast iron arid concrete pipe for leachate
collection systems is limited by the difficulty of incorporating perforations in the pipe walls and
their susceptibility to corrosion by acidic leachates. The use of asbestos-cement pipe is limited by
its low beam strength. It is also susceptible to attack by acidic leachates. Vitrified clay pipe can
be perforated and is highly resistant to chemical corrosion, but its relatively low beam strength
limits the fill height that can be placed over it. For these reasons, rigid pipes have very limited
use potential in leachate collection systems.

As a group, flexible pipes offer good potential for use in leachate collection systems. Within the
flexible pipe group, however, only certain products are suitable. Ductile iron and steel pipe have
little application for leachate collection systems primarily because of their susceptibility to attack
by acidic leachates. Also, although ductile iron pipe has high load bearing capacity, incorporating
perforations in the pipe walls is difficult. Thermoplastic and thermoset plastic pipe are more
suitable products for leachate collection systems.

Thermoplastic materials are characterized by their ability to be repeatedly softened by heating
and hardened by cooling through a temperature range characteristic for each plastic. Materials
suitable for use in leachate collection systems include ABS pipe, ABS composite pipe, PE pipe,
and PVC pipe. All of these materials are subject to attack by certain organic chemicals, so
compatibility with the leachate must be considered in this selection. ABS is generally not as
resistant to acids as PVC and neither of these two materials has good resistance to concentrated
ketones and esters. Pipes manufactured from any of these materials are subject to excessive
deflection when improperly bedded and haunched, so proper design and construction are
important. With the exception of PVC pipe, these pipes are also subject to environmental stress
cracking. Thermoplastic pipe product design should be based on long-term data.

Thermoset plastic materials, cured by heat or other means, are substantially infusible and
insoluble. The two categories of thermoset plastic materials suitable for leachate collection
systems include RPM pipe and RTR pipe. RPM pipe is manufactured containing reinforcements,
such as fiberglass, arid aggregates, such as sand, embedded in or surrounded by cured
thermosetting resin. RTR pipe is manufactured using a number of methods including centrifugal
casting, pressure laminating, and filament winding. In general, the product contains fibrous
reinforcement materials, such as fiberglass, embedded in or surrounded by cured thermosetting
resin. Pipes manufactured from both of these materials are subject to strain corrosion in some
environments, attack by certain organic chemicals, and excessive deflection when improperly
bedded and haunched. Therefore, leachate compatibility arid proper design and construction are
important when thermoset plastic pipe is used in leachate collection systems.
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4C.1.1 Pipe Perforations
By nature of their intended use, leachate collection lines must be perforated. The size and spacing
of the openings sho 1d be determined based on hydraulic considerations. The effects of the

perforations should be considered in the structural design of the leachate collection pipes.

4C.1.1.1 Size and Spacing

A leachate collection line, to function correctly, must be capable of accepting all the leachate
flowing to it through the gravel drainage layer. After the pipe is sized to handle the flow, the size
and spacing of the perforations should be selected. The rate of flow into the leachate collection
pipes through the perforations is dependent on several factors, including the hydraulic
conductivity of the gravel material around the pipe and the head loss due to convergence of flow
to the perforations in the pipe.

W.T. Moody, as cited in U.S * Department of the Interior (1978) determined the theoretical
relationship among the above factors and concluded that increasing the hydraulic conductivity of
the gravel envelope around the pipe was a more effective method for increasing the rate~of flow
into the pipe than increasing the size of the openings. Therefore, the selection of the size and
spacing of the perforations should be based on: consideration of standard perforated pipe
commonly available from manufacturer; bedding and backfill requirements for the particular
installation; and effects on pipe strength. For a given rate of leachate inflow and a perforated
pipe, the minimum required hydraulic conductivity of the gravel envelope around the pipe can be
determined using a procedure similar to that presented in U.S. Department of the Interior (1978).

4C.1.1.2 Effects on Load Capacity

The various design procedures for rigid and flexible pipes and the various pipe performance
limits are based on solid wall pipe. Pacey, et al., as cited in Dietzler (1984) has suggested that the
effect of perforations could be compensated by arbitrarily increasing the earth load on the pipe.
Data presented in Dietzler (1984) indicated the inclusion of typical perforations in'the lover
quarters of 6-inch ABS and PVC pipe has little influence on pipe stiffness and deflection versus
load performance. Others have stated there are indications that perforations will reduce the
effective length of pipe available to carry loads and resist deflection suggest taking the effect of
perforations into account by increasing the load in proportion to the reduction in the effective
length. This later method appears to be an adequately conservative approach. If Lp equals the
cumulative length of the perforations per unit length of the pipe, L, then thelactual load on the
pipe should be increased as follows:

L
Design Load = Actual Load x L-Lp (4C-1)

Methods to determine the actual load are discussed in the following sections.
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4C.2 STRUCTURAL REQUIREMENTS

Leachate collection systems installed underneath a landfill must be designed to withstand the
anticipated height and weight of refuse to be placed over them. It is not uncommon to find
heights in excess of 100 feet. Appropriately, leachate collection systems must be designed for
vertical pressure acting at the base of the landfill, considering the height of the landfill and the
weighted average density of the refuse, daily cover, final cover system, and any superimposed
loads during the life of the landfill. Perimeter collection systems that generally lie outside the
landfill should be designed for the earth loads acting on them along with any superimposed
loads.

The supporting strength of a leachate collection pipe is a function of installation conditions as
well as the strength of the pipe itself. Structural analysis and design of the collection system are
problems of soilstructure interaction. This section presents general procedures for determining
the structural requirements of the pipes in a leachate collection system. Detailed discussions
concerning structural design of pipelines may be found in ASCE and WPCF (1982). The design
procedure for the selection of pipe strength consists of the following:

Determination of loading condition

Determination of refuse and earth loads

Determination of superimposed loads

Selection of bedding and determination of bedding factor
Application of factor of safety

Selection of pipe strength

4C.2.1 Loading Conditions

The load transmitted to a pipe is largely dependent on the type of installation. The common types
of installation conditions are shown in Figure 4C.1 and include trench, positive projecting
embankment, negative projecting embankment, and induced trench. Jacked or tunneled is also an
installation condition, but has little application for leachate collection systems. The difficulty in
controlling the placement of the embankment material greatly limits the potential use of the
induced trench condition for leachate collection systems.

Trench installation* conditions are defined as those in which the pipe is installed in a relatively
narrow trench cut in undisturbed ground and covered with backfill to the original ground surface.
Embankment conditions are defined as those in which the pipe is covered above the original
ground surface or in which a trench in undisturbed soil is so wide that wall friction does not
affect the load on the pipe. The embankment classification is further subdivided into positive
projecting and negative projecting classification. Pipe is positive projecting when its top is above
the adjacent original ground surface. Negative projecting pipe is installed with its top below the
adjacent original ground surface in a trench that is narrow with respect to the pipe and depth of
cover.
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Both the trench condition and either of the embankment conditions may be appropriate in the
design of leachate collection systems. A perimeter collection system may be designed for either
the trench condition or the negative projecting embankment condition, depending on trench
width. Leachate collection systems underneath the landfill would generally be designed for one
of the embankment conditions.

4C.2.2 Refuse and Earth Loads
The methods for determining the vertical load on buried conduits caused by soil forces were
developed by Marston for all of the most commonly encountered construction conditions (ASCE
and WPCEF, 1982). The general form of the Marston equation is:
W =CWB2 (4C-2)

where: W = Vertical load per unit length acting on the pipe because of
gravity soil loads

v = Unit weight of the soil
B = Trench or pipe width, depending on installation conditions

C= Dimensionless coefficient that measures the effects of the following
variables:

e The ratio of the height of fill to width of trench or pipe
e  The shearing forces between interior and adjacent soil prisms

e  The direction and amount of relative settlement between interior and
adjacent soil prisms for embankment conditions

While the general form of the Marston equation includes all the factors necessary to analyze all
types of installation conditions, it is convenient to write a specialized form of the equation for

each of the installation conditions described in the previous subsection.

4C.2.2.1 Loads for Trench Conditions

In the trench condition, the load on the pipe is caused by both the waste fill and the trench
backfill (U.S. EPA, 1983). These two components of the total vertical pressure on the pipe are
computed separately and then added to obtain the total vertical pressure acting on the top of the

pipe.

The waste fill is assumed to develop a uniform surcharge pressure, Of, at the base of the fill. The
magnitude of Qf is given by the expression:
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Qr= (wp)(Hy) (4C-3)
where: Q¢= Vertical pressure at the base of the waste fill (Ibs/sq ft)

wr= Weighted average density of the waste fill including refuse, intermediate
cover, and final cover system (lbs/cu ft)

H¢ = Height of waste fill including cover (ft)

The weighted average density of the waste fill, wris computed as follows:

wr= (W )(Hp) + (wi)(T) + (we)(T) (4C-4)
He
where: w; = Average in-place wet density of the refuse (Ibs/cu ft)

H; = Height of refuse excluding cover layers (ft)

wi = Wet density of intermediate cover (Ibs/cu ft)

T; = Total thickness of intermediate cover layers (ft)
w. = Wet density of the final cover system (lbs/cu ft)
T, = Thickness of the final cover system (ft)

H:=H,+T;+ T,

The value of the vertical pressure at the top of the pipe due to the waste fill, Pvf (in 1bs/sq ft), is
determined from the following:

Pvf=(2)(“us) (4C-5)

where: Cus = Dimensionless load coefficient that is a function of the
ratio of the depth of the trench, H (measured from the
original ground surface to the top of the pipe) to the
trench width, By, and of the friction between the backfill
and the sides of the trench.

The load coefficient, Cs, may be calculated from the following equation or obtained from Figure
4C.2:

CuS — e—ZKU'(H/Bd) (4C_6)

where: e = Base of natural logarithms
K = Rankine's ratio of lateral pressure to vertical pressure
u'= Coefficient of friction between backfill material and the

sides of the trench
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Figure 4C.2
Trench Condition—Values of Load Coefficient C,, (Trench Uniform Surcharge)

H = Depth of trench from original ground surface to top of pipe
(f1)

By = Width of trench at top of pipe (ft)

The product of Ku' is characteristic for a given combination of backfills in natural, undisturbed
soil. Maximum values of Kul for typical soils are listed in Table 4C.1.

Table 4C.1. Maximum Value of Kul for Typical Backfill Soils

Type of Soil Maximum Value of Ku'
Granular Materials Without Cohesion 0.19
Sand and Gravel 0.165
Saturated Topsoil 0.150
Clay 0.130
Saturated Clay 0.110

Source: U.S. EPA (1983)



The value of the vertical pressure at the top of the pipe due to the trench backfill is determined
from the following equation developed by Marston (see U.S. EPA, 1983):

Pvt = (Bd)(w)(Cd) (4C-7)
where:

Pvt= Value of the vertical pressure at. the top of the pipe (Ibs/sq ft)

W = Unit weight of trench backfill (Ibs/cu ft)

Cq =  Dimensionless load coefficient which is a function of the ratio of the depth
of the trench, H, to the trench width, By, and of the friction between the

backfill and the sides of the trench

The load coefficient, C4, may be computed from the following equation or obtained from Figure
4C.3:

1-e-2Ku'(H/Byg)
Ca= 2Ku' (4C-8)

in which the terms are as previously defined.

The total vertical pressure at the top of the pipe, Pv, is equal to:
Pv= Py+Py (4C-9)
Py="" (Qo(Cus)HB)W)(Ca) (4C-10)

Based on Marston's formula, the load on a rigid pipe in the trench condition would be:

we= PB4 (4C-11)
or:

we= (Ba)(QD)(Cus) + (By) * (W)(Co) (4C-12)
where: w.=  Force per unit length of pipe (Ib/ft)

For flexible pipe in the trench condition, the load as given by Marston's formula would be:

w.=  P,Bc (4C-13)
or:

we= (B)(Qn)(Cus) + (Ba)(W)(Ca)(Be) (4C-14)
where: B.=  Outside diameter of pipe (ft)

4C-9
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Diagram for Load Coefficient C, for Positive Projecting Pipes

This formula is applicable to flexible pipes only if the backfill material at the sides of the pipe is
compacted so that it will deform under vertical load less than the pipe itself will deform. In this
condition, the side fills between the sides of the pipe and the sides of the trench may be expected
to carry their proportional share of the total load. If this condition does not exist, then the loads
are determined as described below for the embankment conditions.

4C.2.2.2 Loads for Positive Protecting Embankment Conditions

Marston's formula for the fill load on a pipe in the positive projecting embankment condition is:
W= CMBS (4C-15)

where: W.=  Load on the pipe (Ibs/ft)
wr = Weighted average density of the waste fill (Ibs/cu ft)
B, = Outside width of pipe (ft)

C. = Load coefficient

A complete discussion of this load coefficient may be found in the Concrete Pipe Design Manual
developed by the American Concrete Pipe Association (1980)'
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and Gravity Sanitary Sever Design and Construction published by the ASCE and WPCF (1982).
Values of Cc may be obtained from Figure 4C.4.

Table 4C.2. Recommended Design Values of rsd (Positive , Projecting Embankment
Conditions).
Type of Settlement
Pipe Soil Conditions Ratio, 1y
Rigid Rock or unyielding foundation +1.0
Rigid Ordinary foundation +0.5 to +0.8
Rigid Yielding foundation 0to+0.5
Rigid Negative projecting installation -0.3t0-0.5
Flexible Poorly compacted side fills -0.4t0 0
Flexible Well compacted side fills 0

Source: ASCB and WPCF, 1982, p. 178

The fill load on a pipe installed in a positive projecting embankment condition is influenced by
the product of the settlement ratio (rsq) and the projecting ratio (p'). The settlement ratio is the
relationship between the pipe deflection and the relative settlement between the prism of fill
directly above the pipe and the adjacent material. Design values of the settlement ratio is the
vertical distance the pipe projects above the original ground divided by the outside vertical height
of the pipe, and can be determined when the size and elevation of pipe has been established.

In the last three cases shown in Table 4C.2, the settlement ratio may be conservatively assumed
to be zero which results in designing for the weight of the prism of material directly above the
pipe. In such cases, C. is equal to H/B, and Marston's formula for the prism load becomes:

We = (H)(wi)(B.) (4C-16)
where: W, = Load on pipe (Ibs/ft)

H = Height of the fill above the pipe (ft)

wr= Weighted average density of the waste fill, including gravel backfill above the
pipe, refuse, intermediate cover, and final cover system (Ibs/cu ft)

B, = Outside diameter of the pipe (ft)
The load on the pipe is also influenced by the coefficient of internal friction of the embankment
material. ASCE and WPCF (1982) recommends the following values of the product Ku for use in
Figure 4C.4.
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For a positive settlement ratio: Ku = 0.19
For a negative settlement ratio: Ku=0.13

4C.2.2.3  Loads for Negative Projecting Embankment and Induced Trench Conditions

The formula for the fill load on a negative projecting pipe is:

W= C,"Bd? (4C-17)
where: W, = Load on the pipe (Ibs/ft)

w = Density of fill above pipe (Ibs/cu ft)

B4 = Width of trench (ft)

C, = Load coefficient

In the case of induced trench pipe, B is substituted for B4 in the preceding equation. B, is the
outside diameter of the sever pipe which is assumed to be the width of the trench.

A complete discussion of the load coefficient, C,, may be found in American Concrete Pipe
Association (1980) and ASCE and WPCE (1982). Values of C, may be obtained from Figure
4C.5.

As in the case of the positive projecting embankment condition, the fill load is influenced by the
product of the settlement ratio (rsq) and the projection ratio (p'). The settlement ratio for the
negative projecting embankment condition is the quotient obtained by taking the difference
between the settlement of the firm ground surface and the settlement of the plane in the trench
backfill which was originally level with the ground surface and dividing this difference by the
compression of the column of material in trench. Values for the negative projecting settlement
ratio range from -0.1 for P'=0.5"to -1.0 for P' = 2.0' for rigid pipe (American Concrete Pipe
Association, 1980, p. 162). Induced trench settlement ratios range from -0.3 to 05 (ASCE and
WPCEF, 1982). The projection ratio for this condition, p' is equal to the vertical distance from the
firm ground surface down to the top of the pipe, divided by the width of the trench, Bg.

4C.2.3 Superimposed Loads
Leachate collection pipes in a landfill may be subjected to two types of superimposed loads:
concentrated loads and distributed loads. Loads of pipes caused by these loadings can be

determined by application of the Boussinesq equations (ASCE and WPCF, 1982).

4C.2.3.1 Concentrated Loads

The formula for load caused by a superimposed concentrated load, such as a

4C-13
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wheel load during construction, is given the following form (ASCE and WPCF, 1982):

W = E (4C' 1 8)
CsL

where: Ws.=  Load on pipe (Ibs/ft)
P = Concentrated load (Ibs)
F=  Impact factor
L= Effective length of pipe (ft)
Cs= Load coefficient

The load coefficient, C,, is a function of B,/2H and L/2H, in which B, is the outside diameter of
the pipe and H is the height of fill from the top of the pipe to the ground surface. Table 4C.3 lists
values of the load coefficients for concentrated and distributed superimposed loads centered over
the pipe.

The effective length, L, is the length over which the average load caused by surface wheels
produces nearly the same stress in the pipe wall as does the actual load which varies in intensity
from point to point. ASCE and WPCF (1982) recommends using an effective length equal to 3
feet for pipes greater than 3 feet long and using the actual length of pipes shorter than 3 feet.

The impact factor, F, reflects the influence of dynamic loads caused by traffic at ground surface.
The impact factors recommended by AASHTO are listed in Table 4C.4 (American Concrete Pipe
Association, 1980).

Various equipment loads that may occur during construction are listed in Table 4C.5.

Loads on pipes resulting from concentrated loads during construction may be greater than the
loads caused by the refuse placed in the landfill. It is important that both construction loads and
long-term loads be considered in determining the maximum load expected on pipes.

4C.2.3.2 Distributed Loads

Superimposed loads distributed over an area of considerable extent such as a truck load during
construction may be determined from the following equation (ASCE and WPCF, 1982):

Wigq = CspFBc (4C-19)
where: W4 = Load on pipe (Ibs/ft)

p = Intensity of distributed load (Ibs/sq ft)

F = Impact factor
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Bc = Outside diameter of pipe (ft)
Cs = Load coefficient

Table 4C.4 Superimposed Concentrated Load Impact Factors, F.

Height of Cover Impact Factor
0-1.0ft. 1.3
1.1-2.0 ft 1.2
2.1-209 ft. 1.1
3.0 ft. and greater 1.0

Operating Ground Track or
Equipment Weight (Ibs) Contact Wheel Load (1bs)
Caterpillar D-6 32,850 181101 9.011 16,425 Track Load
Caterpillar D-8 81,950 2211x 1016.5 40,975 Track Load
Scrapers, loaded 168,410 Wheel load 45,470 Drive
21/31 cu yd capacity Wheel Load
(631 D)
Compactor Caterpillar 71,429 81 Width 35,715 Roller
825-C Coverage Load

Adapted From: Caterpillar Performance Handbook, 1984

The load coefficient, Cs, 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 and D and M are the width and length, respectively, or the area
over which the distributed load acts. Table 4C.3 lists the values of the load coefficients for loads
centered over the pipe. A method for determining the loads on the pipe from offset uniform loads
may be found in ASCE and WPCF, 1982. A typical offset uniform. load would be the waste fill
placed inside and adjacent to a perimeter leachate collection system.
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4C.24 Design Safety Factor

The factor of safety for a pipe is defined as the ratio of the maximum performance limit to the
design or service performance limit. The selection of a suitable safety factor is an essential part
of the structural design of leachate collection pipes. The factor of safety should be related either
to an allowable working stress or to a pre-established ultimate failure condition. Factors of safety
compensate for poor construction practice or for inadequate inspection. Properly established
design performance values and adequate factors of safety must be realized in installation and
operation to provide reasonable assurance of long-term leachate collection system performance.

The relationship between safety factors and design performance values is similar for rigid and
flexible pipes. However, there are differences in the design requirements for each type of pipe
and these affect the form of the safety factor associated with each.

4C.2.4.1  Rigid Pipe

Design performance limits for rigid pipes are expressed in terms of strength under load. Testing
is generally used to determine the service strength for rigid pipe. Strengths of rigid pipe are
measured in terms of 1) the ultimate three-edge bearing strength, and 2) the ultimate and
0.01-inch crack, three-edge bearing strengths for reinforced concrete pipe. A safety factor of 1.0
should be applied to the specified minimum ultimate three-edge bearing strength to determine the
working strength for other rigid pipes (ASCE and WPCF, 1982). Common practice is to use a
factor of safety of 1.25 for the ultimate load of reinforced concrete pipe, and up to 1.50 for
vitrified clay.

4C.24.2 Flexible Pipe

Design performance limits for flexible pipes are most commonly expressed in terms of
deflection. The design limit varies with different pipe materials and the pipe manufacturing
process. Flexible pipes must be able to deflect without experiencing cracking, liner failure, or
other distress; and they should be designed with a reasonable factor of safety.

Manufacturers should be consulted on the value of the deflection limits for various types of
flexible pipes. The PVC pipe manufacturers suggest limiting the deflection of buried PVC pipe
to 7-1/2 percent. This strain is one-fourth the minimum strain level at which cracking and reverse
curvature reportedly occurs when subjecting PVC pipe to testing in accordance with ASTSM D
2412. To maintain this same factor of safety (FS-4.0) with ABS pipe, the allowable strain for
ABS pipe should be limited to 5-1/2 percent. The high safety factor of 4.0 is intended to
compensate for the long-term effects of creep of the plastic. Dietzler (1984) suggests that
deflections of ABS and PVC pipe should be limited to one-third the deflection at which reverse
curvature of splitting occurs in ASTM D 2412, including a deflection lag factor.
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4C.3 RIGID PIPE DESIGN

For reasons previously indicatedt rigid pipes have limited use potential in leachate collection
systems. In situations where they are used, their structural design should follow the recognized
procedures for the various rigid pipe products available. The design of rigid pipe systems relates
to the product's performance limit, expressed in terms of strength of the installed pipe. When
determining field strength of rigid pipes, it is convenient to classify the installation conditions as
either trench or embankment. For each of these conditions, bedding classes and corresponding
bedding factors have been developed for use in determining and the required pipe strength.

4C-3-1 Classes of Bedding and Bedding Factors

4C.3-1.1 Trench Beddings

Four general classes of bedding for installation of rigid pipes in a trench condition are illustrated
in Figure 4C.6. The bedding factor for each of the classes of pipe bedding are also listed in
Figure 4C.6. Because leachate collection pipes are normally installed with granular material
surrounding the pipe, the appropriate bedding class is usually Class B with a bedding factor of
1.9.

4C.3.1.2 Embankment Beddings

Four general classes of bedding for the installation of rigid pipes in a positive projecting
embankment condition are illustrated in Figure 4C.7. Most leachate collection lines installed in a
positive projecting embankment condition would have Class B or C bedding, depending on the
projection ratio, p, of the actual installation. For pipe installed in a positive projecting
embankment condition, active lateral pressure is exerted against the sides of the pipe. The
bedding factor, Lf, for this type of installation is computed by the equation:

Lf A (4C-20)
N-xq
where: A Pipe shape factor
N A parameter that is a function of the bedding class
X A parameter dependent on the area over which lateral

pressure effectively acts

q Ratio of total lateral pressure to total vertical load on
the pipe

For circular pipe, A has a value of 1.431. Values of N for various classes of bedding are given in
Table 4C.6. Values of x are listed in Table 4C.7.
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Table 4C.6 Values of N for Circular Pipe

Class of Bedding N

A (reinforced cradle) 0.421 to 0.505
Aa (unreinforced cradle) 0.505 to 0.636
B 0.707

C 0.840

D 1.310

Adapted from: ASCE and WPCF (1982)

The projection ratio, m, in Table 4C.7 refers to the fraction of the vertical pipe diameter over
which lateral pressure is effective. For pressure acting on the top half of the pipe above the
horizontal diameter, m equals 0.5. Values for q may be estimated by the formula:

q mk |H+m (4C-21)
C. B, 2
where: k Ratio of unit lateral pressure to unit vertical pressure

(Rankine's ratio)

A value of k equal to 0.33 usually be sufficiently accurate. Values of C, may be found in Figure
4CA4.

Table 4C.7 Values of x for Circular Pipe

Fraction of Pipe

Subjected to Lateral Class A Other Than
Pressure, m Bedding Class A Bedding
0 0.150 0
0.3 0.743 0.217
0.5 0.856 0.423
0.7 0.811 0.594
0.9 0.678 0.655
1.0 0.638 0.638

Adapted from: ASCE and WPCF (1982)
The classes of bedding for rigid pipes installed in a negative projecting embankment condition
are the same as those for the trench condition. The trench condition bedding factors listed in

Figure 4C.6 should be used for
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negative projecting embankment installations. For leachate collection lines, this would generally
be Class B bedding and a bedding factor of 1.9.

4C.3.2 Selection of Pipe Strength

The design strength of rigid pipes is commonly related to a three-edge bearing strength measured
at the manufacturing plant in accordance with recognized national testing standards. For pipes
installed under specified conditions of bedding and backfilling, the required three-edge bearing
strength for a given class of bedding and design load can be determined from the following:

Required Three Edge = Design Load (Ib/ft) x Factor of Safety
Bearing Strength Bedding Factor
(Ib/ft)

The strength of reinforced concrete pipe at either the 0.01-inch crack or ultimate load divided by
the internal diameter of the pipe is defined as the D-load strength. The D-load concept provides
strength classification of pipe independent of pipe diameter. The required three-edge -bearing
strength of reinforced concrete pipe expressed as D-load is determined by the following equation:

D-Load = Design Load (Ibs/ft) x Safety Factor
(Ibs) Bedding Factor x Diameter (ft)

The above equations are applicable to rigid pipes installed in both trench conditions and
embankment conditions. After determining the design load, the selection of the pipe strength
involves applying the appropriate safety factor and bedding factor for the installation conditions
in either of the above equations.

4C.4 FT BLE PIPE DESIGN
4C4.1 General Approach

Flexible pipes derive the majority of their load supporting ability from the passive resistance of
the soil in side fills as the pipe deflects under load. Because of this resistance, it is important ' to
examine the interaction between the bedding or fill material and the pipe, rather than simply
studying pipe characteristics. The extent to which flexible pipe deflects as installed is most
commonly used as a basis for design since it reflects this interaction. The approximate long-term
deflection of flexible pipe in place can be calculated using the Modified lowa Formula developed
by Spangler and Watkins (ASCE and WPCEF, 1982):

DKW, r’
Y = EI+0.061 ET° (4C-22)
where: Y = Vertical deflection (inches), assumed to approximately

equal horizontal deflection
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D, = Deflection lag factor

Ky = Bedding constant

W. = Load (Ibs/inch)

r = Mean radius of pipe (inches)

E = Modulus of tensile elasticity (Ibs/sq in)
I = Moment of inertia per length (inOn)

E' = Modulus of soil reaction (Ibs/sq in)

The above equation can be rewritten to express pipe deflection as a decimal fraction of the pipe
outside diameter, Be, and relate it to the vertical stress on the pipe, Pv, as follows:

We = P, = Y(EIL+0.061 E'n®) (4C-23)
Bc Bc(Dler3)

Pipe manufacturers may establish limits for pipe deflection or vertical stress on the pipe (Py).
Maximum vertical stress is often referred to as critical buckling pressure.

The deflection lag factor, D', compensates ' for time consolidation of the bedding, which may
permit flexible pipes to continue to deform after installation. Long-term deflection will be greater
with low degrees of compaction of the bedding in the side fills compared to higher degrees of
compaction. Values recommended for this factor range from 1.25 to 1.50 (ASCE and WPCEF,
1982), although values over 2.5 have been recorded in dry soil. A deflection lag factor of 2.0 may
be realistic for design of leachate collection pipes if weathering and/or softening of the bedding
material is likely to occur over the life of the landfill or if the bedding material is rounded or may
be placed with minimal compaction (Dietzler, 1984).

Values for the bedding constant, Kb, are listed in Table 4C.8. Spangler's data suggested a Kb
value of 0.10 for pipe embedded in native soil with no bedding and a Kb value of 0.083 for pipe
embedded in gravel up to the spring line. The installation of leachate collection pipes is more
closely represented by the latter case, and a Kb value of 0.083 should therefore be used in lieu of
actual field data.
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Table 4C.8. Values of Bedding Constant, Kb-

Bedding Angle

(Degrees) Ky

0 0.110

30 0.108

45 0.105

60 0.102

90 0.096

120 0.090

180 0.083

Source: ASCE and WPCF (1982)

Values for the soil reaction modulus, El, range from 0 to 3,000, depending on the soil type of the
bedding material and relative degree of compaction (ASCE and WPCF, 1982). The use of a high
value for El is not realistic for leachate collection pipes in many localites (Dietzler, 1984). In a
situation where a rounded river gravel will be used for the bedding material and a high degree of
compaction may be unobtainable in the bedding around the leachate collection pipe, aa realistic
value for E, of 400 may be appropriate (Dietzler, 1984).

The first term in the denominator (EI) of the Modified lowa Formula is the stiffness factor and
reflects the influence of the inherent stiffness of the pipe on deflection. The second term, 0.061
Eld, reflects the influence of the passive pressure on the side of the pipe. With flexible pipes, the
second term is normally predominant.

After the allowable strain level in the pipe has been determined, the design procedure for flexible
pipes is to perform a trial and adjustment analysis to find a class of pipe that will result in
deflections less than the established limit. There are slight variations in the procedure for the
various types of flexible pipe.

4CA4.2 Selection of Plastic Pipe

The standard test to determine pipe stiffness or the load deflection characteristic of plastic pipe is
the parallel-plate loading test conducted in accordance with ASTM D 2412. The test determines
the pipe stiffness, PS, at a prescribed deflection, Y, which for convenience in testing is arbitrarily
set at 5 percent. The pipe stiffness is defined as the value obtained by dividing the load per unit
length, F, by the resulting deflection at the prescribed percentage deflection:

PS = (4C-24)

=< |
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The stiffness factor, SF, in the Modified lowa Formula is related to the pipe stiffness by the
following expression:

SF = El = 0.1491r3(PS) (4C-25)
in which the terms are as previously defined.

For circular plastic pipes, the approximate deflection based on pipe stiffness can be determined
by using the following simplified version of the Modified lowa Formula:

DKy W,
Y - (4C-26)
0.149(PS) + 0.061 E'

The pipe stiffness for the various plastic pipe materials and diameters of pipe may be obtained
from the manufacturer or may be determined by tests performed in accordance with ASTM D
2412.

4CA4.3 Selection of Other Flexible Pipes

Flexible pipes of material other than plastic, such as ductile iron and corrugated metal, have little
potential for general use in leachate collection systems for reasons previously discussed.
However, if they are found suitable for a specific installation, their structural design should
follow recognized procedures for the particular flexible pipe being considered. Procedures for
designing ductile iron and corrugated metal pipes are described in ASCE and WPCF (1982).
Manufacturers of the specific products should also be consulted.

4C.4.4 Bedding Material

Bedding provides a: contact between a pipe and the foundation on which it rests. The total load
that a pipe will support depends on the width of the contact area and the quality of the contact
between the pipe and the bedding material. The influence of the bedding on the supporting
strength of the pipe is a factor that must be considered in the design of a leachate collection pipe.
This section discusses bedding material considerations. More detailed requirements are given in
previous sections of this Appendix.

An important consideration in selecting a material for bedding is positive contact between the
bed and the pipe. A well-graded crush stone or a well-graded gravel are suitable bedding
materials based on supporting strength considerations, and both are more suitable than a
uniformly graded pea gravel (ASCE and WPCF, 1982). Larger particle sizes give greater
stability; however, the maximum size and shape of the bedding material should be related to the
pipe material and the recommendations of the manufacturer. For small pipes, the maximum size
of the bedding material should be limited to about 10 percent of the pipe diameter and, in
general, well-graded crush stone or gravel ranging in size from 3/4 inch to the No. 4 sieve will
provide the most satisfactory pipe bedding (ASCE and WPCF, 1982).

4C-26



In addition to providing support, bedding for leachate collection pipes must allow unrestricted
flow of leachate through the bedding into the perforated leachate collection pipes. The bedding
material must also be resistant to attack from the leachate. Redundancy in the design of leachate
collection systems is important to minimize the effects of failures when they occur. One of the
primary ways to provide redundancy is to design the bedding to meet drainage requirements
through the gravel layer alone if flow through the pipe is restricted (Bass, 1984).

A well-graded material with 100 percent passing the 1-1/2 inch clear, square screen openings and
not more than 5 percent passing the No. 50 U.S. Standard Series sieve is recommended for
drainage purposes (U.S. Department of the Interior, 1978). To determine whether the material is
well-graded, the coefficient of uniformity which describes the slope of the gradation curve must
be greater than 4 for gravels and greater than 6 for sands. In addition, the coefficient of curvature
that describes the shape of the curve must be between 1 and 3 for both gravels and sands. These
coefficients are defined as follows:

Coefficient of uniformity, C,, = D60 (4C-27)
Dio
and
_(D30),
Coefficient of curvature, C., = (D10)(Dgo) (4C-28)
where: Do, D3o, and D Diameter of particles in millimeters passing the 10, 30,

and 60 percent points, respectively, on the base material
gradation curve.

Based on the above criteria for supporting strength and drainage, a bedding material for leachate
collection pipes should be well-graded gravel with the following properties:

Gradation: 100% passing 1-1/2" sieve

5% maximum passing No. 50 sieve
Cu: 4.0 or greater
Ce: 1.0to 3.0

The actual bedding material should be selected within these limits after consideration of the pipe
material, availability of bedding material, and its resistance to leachate attack.
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Table A-2 (cont'd)

PIPE WEIGHTS AND DIMENSIONS (IPS)

PE3608 (BLACK)

oD Nominal ID Minimum Wall Weight

Nominal Actual SDR Ib. per kg. per
in. in. | mm. in. mm. in. mm. foot meter
7 2.44 61.98 0.500 12.70 2.047 3.047

7.3 2.48 63.08 0.479 12.18 1.978 2.943

9 2.68 67.96 0.389 9.88 1.656 2.464

9.3 2.70 68.63 0.376 9.56 1.609 2.395

11 2.83 71.77 0.318 8.08 1.387 2.065

3 | 3.500 | 88.90 11.5 2.85 72.51 0.304 7.73 1.333 1.984
135 2.95 74.94 0.259 6.59 1.153 1.716

15.5 3.02 76.74 0.226 5.74 1.015 1511

17 3.06 77.81 0.206 5.23 0.932 1.386

21 3.15 79.93 0.167 4.23 0.764 1.136

26 3.21 81.65 0.135 3.42 0.623 0.927

7 3.14 79.68 0.643 16.33 3.384 5.037

7.3 3.19 81.11 0.616 15.66 3.269 4.865

9 3.44 87.38 0.500 12.70 2.737 4.073

9.3 3.47 88.24 0.484 12.29 2.660 3.958

11 3.63 92.27 0.409 10.39 2.294 3.413

4 | 4.500 | 114.30 11.5 3.67 93.23 0.391 9.94 2.204 3.280
135 3.79 96.35 0.333 8.47 1.906 2.836

15.5 3.88 98.67 0.290 7.37 1.678 2.497

17 3.94 100.05 0.265 6.72 1.540 2.292

21 4.05 102.76 0.214 5.44 1.262 1.879

26 4.13 104.98 0.173 4.40 1.030 1.533

325 4.21 106.84 0.138 3.52 0.831 1.237

7 3.88 98.51 0.795 20.19 5.172 7.697

7.3 3.95 100.27 0.762 19.36 4.996 7.435

9 4.25 108.02 0.618 15.70 4.182 6.224

9.3 4.29 109.09 0.598 15.19 4.065 6.049

11 4.49 114.07 0.506 12.85 3.505 5.216

5 | 5563 | 141.30 115 4.54 115.25 0.484 12.29 3.368 5.012
135 4.69 119.11 0.412 10.47 2.912 4.334

155 4.80 121.97 0.359 9.12 2.564 3.816

17 4.87 123.68 0.327 8.31 2.353 3.502

21 5.00 127.04 0.265 6.73 1.929 2.871

26 5.11 129.78 0.214 5.43 1.574 2.343

32.5 5.20 132.08 0.171 4.35 1.270 1.890

7 4.62 117.31 0.946 24.04 7.336 10.917

7.3 4.70 11941 0.908 23.05 7.086 10.545

9 5.06 128.64 0.736 18.70 5.932 8.827

9.3 5.11 129.92 0.712 18.09 5.765 8.579

11 5.35 135.84 0.602 15.30 4.971 7.398

6 | 6625 | 168.28 115 5.40 137.25 0.576 14.63 4.777 7.109
13.5 5.58 141.85 0.491 12.46 4.130 6.147

155 5.72 145.26 0.427 10.86 3.637 5.413

17 5.80 147.29 0.390 9.90 3.338 4.967

21 5.96 151.29 0.315 8.01 2.736 4.072

26 6.08 154.55 0.255 6.47 2.233 3.322

325 6.19 157.30 0.204 5.18 1.801 2.680

See ASTM D3035, F714 and AWWA C-901/906 for OD and wall thickness tolerances.
Weights are calculated in accordance with PPI TR-7.
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EARTHLOADING

PonPipe®, due to its flexibility, will deflect when it is buried. The degree of deflection will depend upon the sail
conditions, burial conditions, trench width, and the depth of burial. The degree of deflection of the pipe is limited by
the soil around its periphery, especially in the lateral direction. When the soil compacts around the pipe, there is a
supportive effect from the soil itself, and as compaction occurs, there is soil friction and cohesion over the pipe that
reduces the direct load on the pipe.

PonPipe®, as do other flexible conduits, depends on the surrounding soil for support, and has to be considered as
one component in a pipe/soil system. The presence of the soil arch and the support derived from the lateral
movement limitations are highly beneficial to the efficiency of the system. Therefore, the flexibility of PonPipe® is
the major reason for these advantages. As has been stated, the durability of polyethylene is the reason for its
resistance to high levels of mechanical abuse, and this is no less true for buried systems where forced deflections
may occur due to subsidence, washout and settlement.

External loading analysis must be conducted to determine the application's feasibility. There are two loading
calculations necessary when designing or engineering below ground applications of PonPipe®. These calculations
are ring deflection and wall buckling. Wall crushing, calculated using the allowable compressive strength of the PE
material, is usually not critical when using solid wall PonPipe®, as ring deflection and wall buckling are
predominant parameters.

RING DEFLECTION

PonPipe®, when buried in loose soil conditions, will exhibit the tendency to deflect, called ring deflection. Listed
below are the recommended maximum allowable design limits for ring deflection of PonPipe® for the different
available Dimension Ratios (DR).

Table C-1
Design Limits for Ring Deflection

Safe Deflection, % of

DR Diameter
325 8.0
26 7.0
21 6.0
17 5.0
Figure C-1
wW

[
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PonPipe®, due to its inherent physical properties of flexibility, resilience and toughness can withstand significant
deflection without failure. It can be flattened without causing a fracture of the pipe wall. However, this condition is
unacceptable as far as service is concerned. A deflection of 15% would be acceptable for a butt fused
polyethylene system, although a reduction in flow would be noted. It would also be difficult to utilize conventional
cleaning equipment with this severity of deflection. Ring deflection resulting in hydraulic flow area reductions
should be taken into account when engineering the flow characteristics. Refer to Table C-2 for the percentage of
area reduction based on percent of ring deflection.

Table C-2
AREA REDUCTION DUE TO RING DEFLECTION

Ring Deflection, % Area Reduction, %
2 0.04
4 0.16
5 0.25
6 0.36
8 0.64
10 1.00
12 1.44
14 1.96
15 2.25
16 2.56

In calculating the soil load placed on a buried pipe, the designer must be able to calculate to some degree of
accuracy the type and condition of the backfill material. Saturated clay would be more difficult to place and
adequately compact than would coarse granular material that would not stick together. It is important in the
pipe/soil system that the backfill material utilized for haunching and initial backfill (see Installation, Section F, for
explanation of terminology) be granular and non-cohesive, free of debris, organic matter, frozen earth and rocks
larger than 1% inch in diameter. This material can be described as Class | or Il of ASTM D2321 "Angular ¥4 to 1%
inch Graded Stone, Slag, Cinders, Crushed Shells and Stone or Sands and Gravel Containing Small Percentages
of Fines, Generally Granular and Non-Cohesive, Wet or Dry." This material can easily be worked into the pipe
haunch, and compacted in approximately 4-6 inch lifts.

To determine the ring deflection of externally loaded PonPipe®, you must first determine the earthload in pounds
per linear inch of pipe by use of the following modified Marston formula”®:

woCapB-D 17)
144
Where W = Earthload per unit length of pipe, Ibs/in
Cq¢ = Trench Coefficient, (dimensionless) (See Figure C-2)
p = Soil density, Ibs/ft*
D = Outside diameter, inches
By = Trench width at top of pipe, feet

5 nd
, AP buried Fipe Design. . : - 5 . .
Moser, A.P. Buried Pipe Design. 2" Edition. New York: McGraw-Hill, 2001 PolyPipe 09/08



Table C-3

CLASSIFICATION OF BACKFILL MATERIAL
PER ASTM D2321*

Class

Comments

Class | - Angular graded stone, %2" to 1%2”, including a number
of fill materials that have regional significance such as coral,
slag, cinders, crushed stone, crushed gravel and crushed
shells.

Class Il - Coarse sands and gravel with maximum patrticle size
of 1%%”, including variously graded sands and gravel containing
small percentages of fines, generally granular and non-
cohesive, wet or dry.

Class lll - Fine sand and clay gravel, including fine sands,
sand-clay mixtures, and gravel-clay mixtures.

Class IV - Silt, silty clays, and clays, including inorganic clays
and silts of medium to high plasticity and liquid limits.

Class V - Includes organic soils as well as soils containing
frozen earth, debris, rocks larger than 1%%” in diameter, and
other foreign materials.

100 - 200 pounds per cubic foot. Pipe sizes less
than 10” should limit maximum particle size to %" to
¥4" for ease of placement.

110 - 130 pounds per cubic foot. Pipe sizes less
than 10” should limit maximum particle size to %" to
%" inch for ease of placement.

140 - 150 pounds per cubic foot.

150 - 180 pounds per cubic foot.

Not recommended for backfill except in the final
backfill zone.

* For further classification of soils the designer may want to review ASTM D2487, "Standard Test Method for

Classification of Soil for Engineering Purposes."

Figure C-2

TRENCH COEFFICIENT, Cq4
DEPENDENT ON SOIL TYPE AND DITCH CONFIGURATION

5.0
-V I Granular Materials
4.0 — — v Il Sand or Gravel
e i Il Saturated Top Soil
3.0 1 — 0 IV Normal Clay
. ]
] _ V. Wet Clay
//
2.4 Z
cd 2
1.5 //
1.0
0.9
O.L/
O./
1.0 1.5 2 3 4 5 6 7 8910 15 20
H/Bd

In general practice, the trench width can be kept to a minimum of six inches per side greater than the pipe diameter
itself. Although this may seem narrow in comparison to trenching of conventional materials, it must be noted that
PonPipe® can be pre-assembled above ground and later placed into the trench. The trench width should be
maintained as narrow as possible as the soil loading on the pipe is a relationship of the trench width.

C-3
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6

The linear deflection of the pipe can be calculated from the following modified Spangler equation”:

D -K-W
AX = o ! (18)
SV +0.061E'
3(DR-1)
A
Where X = Horizontal deflection or change in diameter, inches
D, = Deflection lag factor, PonPipe® recommends 1.0 (dimensionless)
K = Bedding constant, PonPipe® recommends 0.1 (dimensionless)
W = Earthload, Ibs/inch (See Equation (17))
E = Modulus of elasticity of pipe, 30,000 psi
E' = Soil modulus, psi
DR = Dimension ratio, (dimensionless)
* For further values of K see reference.
The percent deflection can be calculated by use of the following formula®:
AX
d=22.100 (19)
D
Where d = Percentdeflection, %
A
X Horizontal deflection, inches (See Equation (18))
D = Outside diameter, inches
Table C-4
TYPICAL SOIL MODULUS VALUES (PSI)
Type of Soil Depth of Cover Standard AASHTO relative compaction
ft | m 85% | 90% | 95% | 100%
Fine-grained soils with less than 0-5 0-1.5 500 700 1000 1500
25% sand content (CL, ML, CL-ML) 5-10 1.5-3.1 600 1000 1400 2000
10-15 3.0-4.6 700 1200 1600 2300
15-20 4.6-6.1 800 1300 1800 2600
Coarse-grained soils with fines 0-5 0-1.5 600 1000 1200 1900
(SM., SC) 5-10 1.5-3.0 900 1400 1800 2700
10-15 3.0-4.6 1000 1500 2100 3200
15-20 4.6-6.1 1100 1600 2400 3700
Coarse-grained soils with little or no 0-5 0-1.5 700 1000 1600 2500
fines (SP, SW, GP, GW) 5-10 1.5-3.0 1000 1500 2200 3300
10-15 3.0-4.6 1050 1600 2400 3600
15-20 4.6-6.1 1100 1700 2500 3800
¢ Plastics Pipe Institute. Underground Installation of Polyethylene Pipe, 1996.
C-4
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Values of modulus of soil reaction, E' (psi) based on depth of cover, type of soil, and relative compaction. Soil type
symbols are from the United Classifications System. Source: Hartley, James D. and Duncan, James M., "E' and
its Variation with Depth," Journal of Transportation, Division of ASCE, Sept. 1987.

WALL BUCKLING

PonPipe®, when buried in dense soil conditions and subjected to excessive external loading, will exhibit the
tendency of wall buckling. As seen in Figure C-3, wall buckling is a longitudinal wrinkle that usually occurs
between the 10:00 and 2:00 positions. Wall bucklin% should become a design consideration when the total vertical
load exceeds the critical buckling stress of PolyPipe™.

Figure C-3

% * Wall Buckling

S *k S

ES ES ES ES ES ES ES ES ES ES >* ES

Vertical loading can be determined by the summation of the calculated dead load (load resulting from backfill
overburden and static surface loads) and live load (loads resulting from cars, trucks, trains, etc.).

BACKFILL LOAD"

= Psoil H (20)
144
Where P, = Backfill load, psi
peil = Backfill density, Ibs/ft’
H = Height of backfill above pipe, feet

SURFACE LOAD

Surface loads are those forces exerted by permanent structures in close proximity to buried PonPipe®. These
loads can be buildings, storage tanks, or other structures of significant weight that could add to the backfill loading.
The force exerted on PonPipe® by structural surface loads can be approximated by use of the following
Boussinesq'’ formulation:

3Lz°
= (21)
144 - 27R
Where Ps = Surface load on pipe, psi

L =  Static surface load, Ibs.

z = Vertical distance from top of pipe to surface load level, feet

R = Straight line distance from the top of pipe to surface load, feet

Where,

' Nayyar, Mohinder L. Ed. Piping Handbook. 6" Edition. New York: McGraw-Hill, Inc., 1992.
"7 Chen, W. F., Liew, Richard L. Y. The Civil Engineering Handbook. New York: CRC Press, 2003. 2™ Edition. C-5
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R=4XxX"+y*+12° (22)

Where X = Horizontal distance from surface load, feet (Refer to Figure C-4)
y = Horizontal distance from surface load, feet (Refer to Figure C-4)
z = Vertical distance from top of pipe to surface load level, feet (Refer to Figure C-4)
Figure C-4
RESULTANT SURFACE LOAD
L
LIVE LOAD

Live loading can be determined by extracting the load from Figure C-5 for H20 highway loading or from Figure C-6
for Cooper E-80 loading or by estimating, using available analytical techniques.

Figure C-5
H20 HIGHWAY LOADING

18 \
. 16 \
Height 14 \
of \
Cover, 12 \
feet 10 \
8
(m*0.3048) P N
4 T
2 I
(0]
o 1 2 3 4 5 6 7 s} 9 10 11 12

Unit Load in PSI (MPa*145)

Note: The H20 live load assumes two 16,000 Ib. loads applied to two 18" x 20" areas, one located over the point in question,
and the other located at a distance of 72" away. In this manner, a truckload of 20 tons is simulated.

Source: American Iron and Steel Institute, Washington, DC

C-6
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Figure C-6
COOPER E-80

40
35
Height 30
of \
c 25
over,

feet 20 \

(m*0.3048) 15 AN
10

]
—_—

0] 3 6 9 12 15 18 21 24 27 30

Unit Load in PSI (MPa*145)

Note: The Cooper E-80 live load assumes 80,000 pounds applied to three 2' x 6' areas on 5' centers, such as might be
encountered through live loading from a locomotive with three 80,000 pounds axle loads.

Source: American Iron and Steel Institute, Washington, DC

TOTAL EXTERNAL LOADING

Total Load = Live Load + Backfill Load + Surface Load
P=P+P,+P, (23)

Once the external loading on buried PonPipe® has been determined, it will be necessary to calculate the critical
buckling stress for contained PonPipe® to determine if the pipe can withstand the external loading. The external
loading capacity, or critical buckling stress, can be determined by the use of the following Von Mises formula:

1/2
PCsz' 2.67-R,-B-E,-E (24)
SF DR’
Where P, = Critical buckling stress, psi
SF = Safety factor, PolyPipe® recommends SF=2
Ry =  Water buoyancy factor, (dimensionless)
B = Empirical Coefficient of Elastic Support, (dimensionless)
Es = Soil modulus, (See Table C-4)
E = Pipe modulus of elasticity, psi
DR = Dimension Ratio
Where,
H 25
R,=1-]0.33-—* (29)
H
Hy, = Height of water table above pipe, feet
H = Height of soil cover above pipe, feet

Note: H,, must be less than H

and, c-7
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1

T+ 4.e 006sH (26)

Where 2.718

Height of soil cover above pipe, feet

e
H
If the total external loading, Equation (23), is less than the critical buckling stress (P; < Pg,), then the application

should be considered safe. However, if this is not the case (P; > Pg,), then the required parameters can be
determined for a safe application from the following variations of the above equation:

2.67-R,-B-E;-E (27)
SF*.P,’

DR =
or

_P,’-SF’-DR’
* 2.67-R,-B-E

(28)

NOTICE:
The data contained herein is a guide to the use of PonPipe® polyethylene pipe and fittings and is believed to be accurate and
reliable. However, general data does not adequately cover specific applications, and its suitability in particular applications
should be independently verified. In all cases, the user should assume that additional safety measures might be required in
the safe installation or operation of the project. Due to the wide variation in service conditions, quality of installation, etc., no
warranty or guarantee, expressed or implied, is given in conjunction with the use of this material.

C-8
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L) DRISCOPIPE.

FIGURE 6: COOPER E-80 LIVE LOADING
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- {Load distribution detefmined © .~ S
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PR . O Source: American Iron and Steel Institute,
Washington, DC

Height of Cover to Base of Tie - in Feet
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1600 2000 3060 4000
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APPARENT EXTERNAL PRESSURE DUE TO INTERNAL VACUUM, P, Vacuum generates a
compressive hoop stress in the wall of a pipe and acts to collapse the pipeline. Under vacuum
conditions, the value of P,is positive. P, is added to the other two external pressure components, Ps
and Py, to obtain the total external pressure, Py, acting on the pipe. An internal vacuum generates

pressure equal to the absolute value of the vacuum. The maximum apparent external pressure due to
a vacuum inside the pipe is 14.7 psi (2,117 psf).

BURIAL DESIGN GUIDELINES The design engineer must select the proper pipe DR and specify
the backfill conditions to obtain the desired performance of the “pipe-soil” system.

DESIGN BY WALL CRUSHING Wall crushing occurs when external vertical pressure causes the
compressive stress in the pipe wall to exceed the long-term compressive strength of the pipe material.
To design for wall crushing, the following check should be made:

(SDR-1)
A= 2 Py
Where: Sa = Actual compressive stress, psi

SDR = Standard Dimension Ratio
Pr = Total external pressure on the top of the pipe, psi

Safety Factor = 1500 psi /Sa (where 1500 psi is the compressive yield strength of Driscopipe HDPE pipe)

DESIGN BY WALL BUCKLING Local wall buckling is a longitudinal wrinkling of the pipe wall.
Buckling can occur over the long term in non-pressurized pipe if the total external soil pressure, Pr,
exceeds the pipe-soil system’s critical buckling pressure, P, . Although wall buckling is seldom the
limiting factor in the design of a Driscopipe system, a check of non-pressurized pipelines can be made

according to the following steps to insure Pt < P, . All pipe diameters with the same DR in the same
burial situation have the same critical collapse and critical buckling endurance.
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DRISCOPIPE.

1. Calculate or estimate the total soil pressure, P, at the top of the pipe.

2. Calculate the stress, S, in the pipe wall:

o _(SDR-DP,
4 2

3. Based upon the stress S, and the estimated time duration of non-pressurization, find the
value of the pipe’s modulus of elasticity, E, in psi (approximate value for E is 35,000 psi).

4. Calculate the pipes hydrostatic, critical-collapse differential pressure, P,

) 2£(r/u]3(DMW JDMAX)B 2.32(E)

P, = (I_“z) or e T

¢ SDR’
Where: (DM|NfDMA)() =0.95
1 = Poission’s Ratio = 0.45 for polyethylene pipe
E = stress and time dependent tensile modulus of elasticity, psi
E = 35,000 psi (approximate)
D = Qutside Diameter, in.
t = thickness, in.

5 Calculate the soil modulus, E’, by plotting the total external soil pressure, P+, against a
specified soil density to derive the soil strain as shown in the example problem below Figure
7.

6. Calculate the critical buckling pressure at the top of the pipe by the formula:
P, =08\(E')(P)

Where: P = Critical buckling soil pressure at the top of the pipe, psi
E' = Soil Modulus, psi
P. = Hydrostatic critical-collapse differential pressure, psi

7. Calculate the Safety Factor: SF = P,/ Pt.

8. The above procedures can be reversed to calculate the minimum pipe DR required for a
given soil pressure and an estimated soil density.

In a direct burial pressurized pipeline, the internal pressure is usually great enough to exceed the

external critical-buckling soil pressure. When a pressurized line is to be shut down for a period, wall
buckling should be examined.
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ATTACHMENT IIL.5.F
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DriscoPlex™ 2000 SPIROLITE® pipe is manufactured to ASTM F 894, which states that profile
pipe designed for 7.5% deflection will perform satisfactorily when installed in accordance with
ASTM D 2321. Deflection is measured at least 30 days after installation.

Manufacturing processes for DriscoPlex™ 2000 SPIROLITE® and DriscoPlex™ OD controlled
pipe differ. Deflection limitations for OD controlled pipe are controlled by long-term material
strain.

Ring Bending Strain
As pipe deflects, bending strains occur in the pipe wall. For an elliptically deformed pipe, the
pipe wall ring bending strain, €, can be related to deflection:

g=fH——"= (7-39) <—
Dy Dy
Where
e = wall strain
fo = deformation shape factor
AX = deflection, in
Dy = mean diameter, in
cC = distance from outer fiber to wall centroid, in
For DriscoPlex " 2000 SPIROLITE® pipe
C=h-z (7-40)
For DriscoPlex " OD Controlled pipe
C =0.5(1.06t) (7-41) <—
Where
h pipe wall height, in

pipe wall centroid, in
pipe minimum wall thickness, in

t

For elliptical deformation, fp = 4.28. However, buried pipe rarely has a perfectly elliptical shape.
Irregular deformation can occur from installation forces such as compaction variation alongside
the pipe. To account for the non-elliptical shape many designers use

Lytton and Chua report that for high performance polyethylene materials such as those used by
Performance Pipe, 4.2% ring bending strain is a conservative value for non-pressure pipe.
Jansen reports that high performance polyethylene material at an 8% strain level has a life
expectancy of at least 50 years.

When designing non-pressure heavy wall OD controlled pipe (DR less than 17), and high RSC
(above 200) DriscoPlex" 2000 SPIROLITE® pipe, the ring bending strain at the predicted
deflection should be calculated and compared to the allowable strain.

In pressure pipe, the combined stress from deflection and internal pressure should not exceed
the material’s long-term design stress rating. Combined stresses are incorporated into Table 7-
9 values, which presumes deflected pipe at full pressure. At reduced pressure, greater
deflection is allowable.

Bulletin: PP 900 March 2003 Supercedes all previous publications
Book 2 - Chapter 7 Page 112 ©2003 Chevron Phillips Chemical Company LP
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Assumed Pressure Distribution on Flexible Pipe

Pipe Bedding Angle

Wall Buckling

ATTACHMENT IIl.5.G - Leachate Collection Pipe Design Calculations

Material H (ft) v (b/it®)  Pressure (Ib/ft%) Do =

Vegetative (Erosion) Layer 0.5 102.0

Barrier (Infiltration) Layer 215 102.0

Intermediate Cover Soil 1.0 102.0

Waste| 205.0 74.0

Protective Soil Layer 2.0 102.0

Drainage Aggregate 1.0 130.0
Design Load (Py)= ZXy;*H, =

Pr=110.50 psi

References:

SDR =

15,170.0 r=

n=

15,912.0 =

D =

6.625

13.500

0.491

6.134
3.067

0.010

9.000

0.500]i

0.083

1.500

4
“Geotechnical Aspects of Landfill Design and Construction”, Xuede Qian, Robert M.

Koerner, Donald H. Gray, Prentice Hall, 2002.

2 Chevron Phillips, “Bulletin: PP 900", Book 2 — Chapter 7, p. 112, 2003

Ring Deflection:

Modified lowa Formula is used to calculated horizontal pipe deflection

D +KeWger®

- 1
E«l+0.061E -1 ©16)
Where:
AX = Horizontal deflection of the pipe 0.748 in
D, = Deflection lag factor 1.50
K = Bedding constant 0.083

W¢ = Vertical load per unit length of perforated pipe

WC = (ZV\ * H\) * D0= PTP * Do

1,171.30 Ibs/in
9.17)"  14,055.60 Ibs/it

P+p = Design load on perforated pipe 176.80 psi
= ZV\ * H\ 1
Pt 7{1_ (- 9)12)] (9.23)
D, = Outside diameter of the pipe 6.625 in
Vi = Unit weight of material i
H; = Thickness of material i
d = Diameter of perforated hole 0.500 in
n = Number of perforated holes per foot 9.0
E = Elastic modulus of the pipe material 35,000 psi
| = Moment of inertia of the pipe wall per unit length 0.0099 in/in
I=£/12
t = Thickness of pipe 0.491 in
E' = Soil reaction modulus 3,000 psi
r = Mean radius of the pipe, r = (Dg - t)/2 3.067 in
SDR = Standard Dimension Ratio 135
Pipe Wall Ring Bending Strain:
¢ . OAX ., _2C 2 9
e=fp -5 o (7-39) 6.2 %
Where:
¢ = Wall strain 0.062
fp = Deformation shape factor 6.0
AX = Horizontal and vertical deflection of the pipe 0.748 in
D = Mean diameter of the pipe
D=Do-t (9.20)' 6.134 in
C = Distance from outer fiber to wall centroid
C= 0.5(1.06t) (7-41) 0.260 in
€qitical = Crritical wall strain 8.0 %
ES = Ecritical 1.29
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ATTACHMENT IIl.5.G - Leachate Collection Pipe Design Calculations
6" SDR13.5
Wall Buckling: Equipment Loading:
P.= 2.32E ( 43)3 CAT 627 Scraper Specs (Caterpillar Performance Handbook, Edition 2¢
¢ SDR® P « Tractor Weight = 48,061 Ibs
Where: « Scraper Weight = 33,399 Ibs
Pc = Critical-collapse differential pressure « Soil Load (20 cy) = 48,000 Ibs
E = Elastic modulus of the pipe material « Total weight = 129,460 Ibs
SDR = Standard Dimension Ratio « Max weight per tire (assumes 49% of the total weight acts on
Pcg = Critical buckling pressure the rear tires and 51% of the weight acts on the front tires) Ly = 33,012 Ibs
Peg = 0.8(E'+ Pg)*® (p. 43)° « Tire width (approximately) = 18 in
E' = Soil reaction modulus « Tire contact length (approximately) = 4 in
Fg=_ Fee « Tire contact area = 72 in’
Pp 4
) ) (4C-19)
Prp = Design load on perforated pipe Wgp=Cs*pF B¢
Where:
Wsp = Load on pipe 1951.404 Ib/ft
Wall Crushing: 162.62 Ib/in
Sao=(SDR-1) Cs = Load coefficient 0.053
A= ( ! e Prp (. 42)3 © . . 2
2 p = Intensity of distributed load 66,691 Ib/ft
Where: p = Ltire/D*M
Sa = Actual compressive stress F = Impact factor 1.0
SDR = Standard Dimension Ratio B¢ = Outside diameter of the pipe 0.55 ft
Prp = Design load on perforated pipe H = Height from the top of the pipe to the ground surfac 3.00 ft
e Compressive Yield Strength D = Width over which the distributed load acts 1.50 ft
Sa M = Length over which the distributed load acts 0.33 ft
Compressive yield strength : D/2H = 0.25
M/2H = 0.055
FS = We 7.20
Wsp ’

References:
% “Polyethylene Piping Systems Manual”, Driscopipe, Inc., 2008
4 WDOE Landfill Design Manual, 1987

W¢ = Vertical load per unit length of pipe

1,171.30 Ibs/in
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1.0 INTRODUCTION

Lea Land LLC (the Facility) is an existing Surface Waste Management Facility (SWMF) providing
oil field waste solids (OFWS) disposal services. The existing Lea Land SWMF is subject to
regulation under the New Mexico Oil and Gas Rules, specifically 19.15.9.711 and 19.15.36 NMAC,
administered by the Oil Conservation Division (OCD) of the NM Energy, Minerals, and Natural
Resources Department (NMEMNRD). This document is a component of the “Application for Permit
Modification” that proposes continued operations of the existing approved waste disposal unit;
lateral and vertical expansion of the landfill via the construction of new double-lined cells; and the
addition of waste processing capabilities. The proposed Facility is 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, Lea Land LLC.

The Lea Land SWMF is one of the most recently designed facilities to meet the new more stringent
standards that, for instance, mandate double liners and leak detection for land disposal. The new
services that Lea Land will provide needed resources to fill an existing void in the market for

technologies that exceed current OCD requirements.

1.1 Site Location

The Lea Land site is located approximately 27 miles northeast of Carlsbad, straddling US Highway
62-180 (Highway 62) in Lea County, NM. The Lea Land site is comprised of a 642-acre = tract of
land encompassing Section 32, Township 20 South, Range 32 East, Lea County, NM. Site access
is currently provided on the south side of US Highway 62. The coordinates for the approximate
center of the Lea Land site are Latitude 32°31'46.77” and Longitude -103°47°18.25".

1.2 Facility Description

The Lea Land SWMF comprises approximately 463 acres + of the 642-acre * site, and will include
two main components: an oil field waste Processing Area and an oil field waste solids Landfill, as
well as related infrastructure (i.e., access, waste receiving, stormwater management, etc.). Oll
field wastes are delivered to the Lea Land SWMF from oil and gas exploration and production
operations in southeastern NM and west Texas. The Permit Plans (Attachment Il.1.A) identify

the locations of the Processing Area and Landfill Disposal facilities. The proposed facilities are
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detailed in Table 11.1.2 (Volume 11.1), and are anticipated to be developed in four primary phases
as described in Table 11.1.3 (Volume I1.1).

2.0 SUMMARY

19.15.36.14 NMAC  Specific requirements applicable to Landfills:
D. Liner specifications and requirements.
(1) General requirements.

€) Geomembrane liner specifications. Geomembrane liners shall consist of a
30-mil flexible PVC or 60-mil HDPE liner, or an equivalent liner approved by the
division. Geomembrane liners shall have a hydraulic conductivity no greater than
1 x 10-9 cm/sec. Geomembrane liners shall be composed of impervious,
geosynthetic material that is resistant to petroleum hydrocarbons, salts and acidic
and alkaline solutions. Liners shall also be resistant to ultraviolet light, or the
operator shall make provisions to protect the material from sunlight. Liner
compatibility shall comply with EPA SW-846 method 9090A.

19.15.36.17 NMAC  Specific requirements applicable to evaporation, storage, treatment, and

skimmer ponds:

B. Construction, standards.
3) Liner specifications. Liners shall consist of a 30-mil flexible PVC or 60-mil HDPE
liner, or an equivalent liner approved by the division. Sgynthetic (geomembrane) liners
shall have a hydraulic conductivity no greater than 1 x 10 cm/sec. Geomembrane liners
shall be composed of an impervious, synthetic material that is resistant to petroleum
hydrocarbons, salts and acidic and alkaline solutions. Liner materials shall be resistant to
ultraviolet light, or the operator shall make provisions to protect the material from sunlight.
Liner compatibility shall comply with EPA SW-846 method 9090A.

Geosynthetics have a proven track record in a variety of civil engineering applications, primarily
over the past 30 years. Fluid Containment design provides a unique opportunity to incorporate a

range of engineered materials that exceed the equivalent performance of soils.

EPA SW-846 Method 9090A (July 1992 and subsequent revisions; the latest being June 2005)
references ASTM methods for the majority of the physical properties of geosynthetics.
Subsequent to the publication of EPA Method 9090A, the Geosynthetic Research Institute (GRI)
published GRI-GM13 “Test Methods, Test Properties and Testing Frequency for High Density
Polyethylene (HDPE) Smooth and Textured Geomembranes” (Revision 11: 12/14/12). Although
this specification is not mandatory, the geosynthetics manufacturing industry has used this
specification in the manufacturing of geosynthetics; and have used the noted ASTM methods for

determining the adequacy of the geosynthetic physical properties for its intended use in landfills.
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Compatibility testing of membrane liners has been completed by geosynthetic manufacturers in
accordance with EPA method 9090A (July 1992) and subsequent updates. Additionally, the EPA
promulgated the Methods Innovation Rule in the June 2005. This Rule provides greater flexibility by
allowing the use of alternate test procedures other than SW-846 that are considered “appropriate”
as long as they fall within EPA’s mission to safeguard human health and the environment, and meet

the goals, data quality objectives, and quality control parameters of the project.

The design of the Lea Land SWMF includes several examples of geosynthetics and plastics
deployed for their superior characteristics, usually applied in conjunction with soil layers:

e Geomembranes (flexible membrane liners) provided as barrier layer in the primary and
secondary liner system (Attachment 111.6.A).

e Geotextiles serving as cushioning layers and as filters to maintain flow (Attachment
111.6.B).

o Geonets deployed as drainage layers and in leak detection systems (Attachment 111.6.C).

o Geosynthetic clay liners (GCLs) employed as secondary composite layers for liners
(Attachment 111.6.D).

e The use of HDPE (High Density Polyethylene) piping systems (Attachment Ill.6.E).

Geosynthetics are selected in the design process for their performance characteristics in the
project’s environmental setting. These materials must be able to withstand the physical forces
that they will experience, as documented in this section. Attachment 11l.6.A includes recent
research results that indicate the functional longevity of HDPE liners in similar installations is in

the hundreds of years.

This section provides demonstrations, as required by 19.15.36.14.D.1 and 19.15.36.17.B NMAC
that the geosynthetic components are compatible with the materials to be contained within the
cells and ponds. The attached compatibility documentation includes published reports and test
results; and is further endorsed by industry experience and proven installations by the design
engineer. For the performance criteria of both soil and geosynthetic components to be achieved,
they must be constructed in strict accordance with the Permit Plans (Volume 11l.1) and the Liner

Construction Quality Assurance (CQA) Plan, (Volume 11.7) of this Application for Permit.

Table 111.6.1 provides an index of compatibility data provided for each of the prescribed

geosynthetic materials and their function in the engineering design.
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Geomembrane Lifetime Prediction: Unexposed and Exposed Conditions
1.0 Introduction

Without any hesitation the most frequently asked question we have had over the past
thirty years’ is “how long will a particular geomembrane last”.” The two-part answer to the
question, largely depends on whether the geomembrane is covered in a timely manner or left
exposed to the site-specific environment. Before starting, however, recognize that the answer to
either covered or exposed geomembrane lifetime prediction is neither easy, nor quick, to obtain.
Further complicating the answer is the fact that all geomembranes are formulated materials
consisting of (at the minimum), (i) the resin from which the name derives, (ii) carbon black or
colorants, (iii) short-term processing stabilizers, and (iv) long-term antioxidants. If the
formulation changes (particularly the additives), the predicted lifetime will also change. See
Table 1 for the most common types of geomembranes and their approximate formulations.

Table 1 - Types of commonly used geomembranes and their approximate formulations
(based on weight percentage)

Type Resin Plasticizer Fillers Carbon Black Additives
HDPE 95-98 0 0 2-3 0.25-1
LLDPE 94-96 0 0 2-3 0.25-3
fPP 85-98 0 0-13 2-4 0.25-2
PVC 50-70 25-35 0-10 2-5 2-5
CSPE 40-60 0 40-50 5-10 5-15
EPDM 25-30 0 20-40 20-40 1-5

HDPE = high density polyethylene PVC  =polyvinyl chloride (plasticized)
LLDPE = linear low density polyethylene CSPE = chlorsulfonated polyethylene
fPP = flexible polypropylene EPDM = ethylene propylene diene terpolymer

" More recently, the same question has arisen but focused on geotextiles, geogrids, geopipe, turf reinforcement mats,
fibers of GCLs, etc. This White Paper, however, is focused completely on geomembranes due to the tremendous
time and expense of providing such information for all types of geosynthetics.
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The possible variations being obvious, one must also address the degradation
mechanisms which might occur. They are as follows accompanied by some generalized
commentary.

e Ultraviolet Light - This occurs only when the geosynthetic is exposed; it will be the focus
of the second part of this communication.

e Oxidation - This occurs in all polymers and is the major mechanism in polyolefins
(polyethylene and polypropylene) under all conditions.

e Ozone - This occurs in all polymers that are exposed to the environment. The site-
specific environment is critical in this regard.

e Hydrolysis - This is the primary mechanism in polyesters and polyamides.

e Chemical - Can occur in all polymers and can vary from water (least aggressive) to
organic solvents (most aggressive).

e Radioactivity - This is not a factor unless the geomembrane is exposed to radioactive
materials of sufficiently high intensity to cause chain scission, e.g., high level radioactive
waste materials.

e Biological - This is generally not a factor unless biologically sensitive additives (such as
low molecular weight plasticizers) are included in the formulation.

e Stress State — This is a complicating factor which is site-specific and should be
appropriately modeled in the incubation process but, for long-term testing, is very
difficult and expensive to acheive.

e Temperature - Clearly, the higher the temperature the more rapid the degradation of all of

the above mechanisms; temperature is critical to lifetime and furthermore is the key to



time-temperature-superposition which is the basis of the laboratory incubation methods

which will be followed.

2.0 Lifetime Prediction: Unexposed Conditions

Lifetime prediction studies at GRI began at Drexel University under U. S. EPA contract
from 1991 to 1997 and was continued under GSI consortium funding until ca. 2002. Focus to
date has been on HDPE geomembranes placed beneath solid waste landfills due to its common
use in this particular challenging application. Incubation of the coupons has been in landfill
simulation cells (see Figure 1) maintained at 85, 75, 65 and 55°C. The specific conditions within
these cells are oxidation beneath, chemical (water) from above, and the equivalent of 50 m of
solid waste mobilizing compressive stress. Results have been forthcoming over the years insofar
as three distinct lifetime stages; see Figure 2.

Stage A - Antioxidant Depletion Time

Stage B - Induction Time to the Onset of Degradation

Stage C - Time to Reach 50% Degradation (i.e., the Halflife)

2.1 Stage A - Antioxidant Depletion Time

The dual purposes of antioxidants are to (i) prevent polymer degradation during
processing, and (ii) prevent oxidation reactions from taking place during Stage A of service life,
respectively. Obviously, there can only be a given amount of antioxidants in any formulation.
Once the antioxidants are depleted, additional oxygen diffusing into the geomembrane will begin
to attack the polymer chains, leading to subsequent stages as shown in Figure 2. The duration of
the antioxidant depletion stage depends on both the type and amount of the various antioxidants,

i.e., the precise formulation.
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Figure 1. Incubation schematic and photograph of multiple cells maintained at various
constant temperatures.
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Figure 2. Three individual stages in the aging of most geomembranes.

The depletion of antioxidants is the consequence of two processes: (i) chemical reactions
with the oxygen diffusing into the geomembrane, and (ii) physical loss of antioxidants from the
geomembrane. The chemical process involves two main functions; the scavenging of free
radicals converting them into stable molecules, and the reaction with unstable hydroperoxide
(ROOH) forming a more stable substance. Regarding physical loss, the process involves the
distribution of antioxidants in the geomembrane and their volatility and extractability to the site-
specific environment.

Hence, the rate of depletion of antioxidants is related to the type and amount of
antioxidants, the service temperature, and the nature of the site-specific environment. See Hsuan
and Koerner (1998) for additional details.

2.2 Stage B - Induction Time to Onset of Degradation

In a pure polyolefin resin, i.e., one without carbon black and antioxidants, oxidation

occurs extremely slowly at the beginning, often at an immeasurable rate. Eventually, oxidation

occurs more rapidly. The reaction eventually decelerates and once again becomes very slow.
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This progression is illustrated by the S-shaped curve of Figure 3(a). The initial portion of the
curve (before measurable degradation takes place) is called the induction period (or induction
time) of the polymer. In the induction period, the polymer reacts with oxygen forming
hydroperoxide (ROOH), as indicated in Equations (1)-(3). However, the amount of ROOH in
this stage is very small and the hydroperoxide does not further decompose into other free radicals
which inhibits the onset of the acceleration stage.

In a stabilized polymer such as one with antioxidants, the accelerated oxidation stage
takes an even longer time to be reached. The antioxidants create an additional depletion time

stage prior to the onset of the induction time, as shown in Figure 3(b).

Induction | Acceleration | Deceleration
period period period
| -

Absorption of
Oxygen

|
I
| (a)
I
I
|

(a) Pure unstabilized polyethylene

Antioxidant | Induction | Acceleration I Deceleration

depletion time | period | period | period

<—>|<—> g - g
- I
°© I I
g g |
2 & [ I
45 | | S
2 I
< I I

| I
Aging Time

(b) Stabilized polyethylene

Figure 3. Curves illustrating various stages of oxidation.
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RH—>Re+H o (D)
(aided by energy or catalyst residues in the polymer)
Re+ 02— ROO e (2)
ROO e +RH —-> ROOH+R e 3)
In the above, RH represents the polyethylene polymer chains; and the symbol “e” represents free
radicals, which are highly reactive molecules.
2.3 Stage C - Time to Reach 50% Degradation (Halflife)

As oxidation continues, additional ROOH molecules are being formed. Once the
concentration of ROOH reaches a critical level, decomposition of ROOH begins, leading to a
substantial increase in the amount of free radicals, as indicated in Equations (4) to (6). The
additional free radicals rapidly attack other polymer chains, resulting in an accelerated chain
reaction, signifying the end of the induction period, Rapopport and Zaikov (1986). This

indicates that the concentration of ROOH has a critical control on the duration of the induction

period.
ROOH — RO e OH e (aided by energy) 4)
RO e+ RH —> ROH +R o ()
OHe+RH—>H20+R e (6)

A series of oxidation reactions produces a substantial amount of free radical polymer chains
(Re), called alkyl radicals, which can proceed to further reactions leading to either cross-linking
or chain scission in the polymer. As the degradation of polymer continues, the physical and
mechanical properties of the polymer start to change. The most noticeable change in physical
properties is the melt index, since it relates to the molecular weight of the polymer. As for

mechanical properties, both tensile break stress (strength) and break strain (elongation) decrease.



Ultimately, the degradation becomes so severe that all tensile properties start to change (tear,
puncture, burst, etc.) and the engineering performance is jeopardized. This signifies the end of
the so-called “service life” of the geomembrane.

Although quite arbitrary, the limit of service life of polymeric materials is often selected
as a 50% reduction in a specific design property. This is commonly referred to as the halflife
time, or simply the “halflife”. It should be noted that even at halflife, the material still exists and
can function, albeit at a decreased performance level with a factor-of-safety lower than the initial
design value.

2.4 Summary of Lifetime Research-to-Date

Stage A, that of antioxidant depletion for HDPE geomembranes as required in the GRI-
GM13 Specification, has been well established by our own research and corroborated by others,
e.g., Sangram and Rowe (2004). The GRI data for standard and high pressure Oxidative
Induction Time (OIT) is given in Table 2. The values are quite close to one another. Also, as
expected, the lifetime is strongly dependent on the service temperature; with the higher the

temperature the shorter the lifetime.

Table 2 - Lifetime prediction of HDPE (nonexposed) at various field temperatures

In Service Stage “A” (years) Stage “B” | Stage “C” Total

Temperature | Standard | High Press. | Average Prediction*
(°O) OIT OIT OIT (years) (years) (years)
20 200 215 208 30 208 446
25 135 144 140 25 100 265
30 95 98 97 20 49 166
35 65 67 66 15 25 106
40 45 47 46 10 13 69

*Total = Stage A (average) + Stage B + Stage C

Stage “B”, that of induction time, has been obtained by comparing 30-year old

polyethylene water and milk containers (containing no long-term antioxidants) with currently
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produced containers. The data shows that degradation is just beginning to occur as evidenced by
slight changes in break strength and elongation, but not in yield strength and elongation. The
lifetime for this stage is also given in Table 2.

Stage “C”, the time for 50% change of mechanical properties is given in Table 2 as well.
The data depends on the activation energy, or slope of the Arrhenius curve, which is very
sensitive to material and experimental techniques. The data is from Gedde, et al. (1994) which is
typical of the HDPE resin used for gas pipelines and is similar to Martin and Gardner (1983).

Summarizing Stages A, B, and C, it is seen in Table 2 that the halflife of covered HDPE
geomembranes (formulated according to the current GRI-GM13 Specification) is estimated to be
449-years at 20°C. This, of course, brings into question the actual temperature for a covered
geomembrane such as beneath a solid waste landfill. Figure 4 presents multiple thermocouple
monitoring data of a municipal waste landfill liner in Pennsylvania for over 10-years, Koerner
and Koerner (2005). Note that for 6-years the temperature was approximately 20°C. At that
time and for the subsequent 4-years the temperature increased to approximately 30°C. Thus, the
halflife of this geomembrane is predicted to be from 166 to 446 years within this temperature

range. The site is still being monitored, see Koerner and Koerner (2005).
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Figure 4. Long-term monitoring of an HDPE liner beneath a municipal solid waste landfill in
Pennsylvania.

2.5 Lifetime of Other Covered Geomembranes

By virtue of its widespread use as liners for solid waste landfills, HDPE is by far the
widest studied type of geomembrane. Note that in most countries (other than the U.S.), HDPE is
the required geomembrane type for solid waste containment. Some commentary on other-than
HDPE geomembranes (recall Table 1) follows:
2.5.1 Linear Low Density Polyethylene (LLDPE) geomembranes

The nature of the LLDPE resin and its formulation is very similar to HDPE. The
fundamental difference is that LLDPE is a lower density, hence lower crystallinity, than HDPE;
e.g., 10% versus 50%. This has the effect of allowing oxygen to diffuse into the polymer
structure quicker, and likely decreases Stages A and C. How much is uncertain since no data is
available, but it is felt that the lifetime of LLDPE will be somewhat reduced with respect to

HDPE.
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2.5.2 Plasticizer migration in PVC geomembranes

Since PVC geomembranes necessarily have plasticizers in their formulations so as to
provide flexibility, the migration behavior must be addressed for this material. In PVC the
plasticizer bonds to the resin and the strength of this bonding versus liquid-to-resin bonding is
significant. One of the key parameters of a stable long-lasting plasticizer is its molecular weight.
The higher the molecular weight of the plasticizer in a PVC formulation, the more durable will
be the material. Conversely, low molecular weight plasticizers have resulted in field failures
even under covered conditions. See Miller, et al. (1991), Hammon, et al. (1993), and Giroud and
Tisinger (1994) for more detail in this regard. At present there is a considerable difference (and
cost) between PVC geomembranes made in North America versus Europe. This will be apparent
in the exposed study of durability in the second part of this White Paper.
2.5.3 Crosslinking in EPDM and CSPE geomembrnaes

The EPDM geomembranes mentioned in Table 1 are crosslinked thermoset materials.
The oxidation degradation of EPDM takes place in either ethylene or propylene fraction of the
co-polymer via free radical reactions, as expressed in Figure 5, which are described similarly by
Equations (4) to (6).

EPDM —» ROOH—— «OH + ROe

+ EPDM
+ EPDM
O

ROOe +—=— Re + ROH + H,0

Figure 5. Oxidative degradation of crosslinked EPDM geomembranes, (Wang and Qu, 2003).

For CSPE geomembranes, the degradation mechanism is dehydrochlorination by losing chlorine

and generating carbon-carbon double bonds in the main polymer chain, as shown in Figure 6.
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The carbon-carbon double bonds become the preferred sites for further thermodegradation or
cross-linking in the polymer, leading to eventual brittleness of the geomembrane.

—fcH,—cH, )} cH,— oH ]—yCHz—CliH—]; ho |
cl SO,Cl

~fCH,— CH, ) CH=CH}; CH, — C|—|| - +Ha
SO,Cl

Figure 6. Dechlorination degradation of crosslinked CSPE geomembranes (Chailan, et al., 1995).
Neither EPDM nor CSPE has had a focused laboratory study of the type described for HDPE
reported in the open literature. Most of lifetime data for these geomembranes is antidotal by
virtue of actual field performance. Under covered conditions, as being considered in this section,

there have been no reported failures by either of these thermoset polymers to our knowledge.

3.0 Lifetime Prediction: Exposed Conditions

Lifetime prediction of exposed geomembranes have taken two very different pathways;
(1) prediction from anecdotal feedback and field performance, and (ii) from laboratory
weathering device predictions.
3.1 Field Performance

There is a large body of anecdotal information available on field feedback of exposed
geomembranes. It comes form two quite different sources, i.e., dams in Europe and flat roofs in
the USA.

Regarding exposed geomembranes in dams in Europe, the original trials were using 2.0
mm thick polyisobutylene bonded directly to the face of the dam. There were numerous
problems encountered as described by Scuero (1990). Similar experiences followed using PVC

-12-



geomembranes. In 1980, a geocomposite was first used at Lago Nero which had a 200 g/m’
nonwoven geotextile bonded to the PVC geomembrane. This proved quite successful and led to
the now-accepted strategy of requiring drainage behind the geomembrane. In addition to thick
nonwoven geotextiles, geonets, and geonet composites have been successful. Currently over 50
concrete and masonry dams have been rehabilitated in this manner and are proving successful for
over 30-years of service life. The particular type of PVC plasticized geomembranes used for
these dams is proving to be quite durable. Tests by the dam owners on residual properties show
only nominal changes in properties, Cazzuffi (1998). As indicated in Miller, et al. (1991) and
Hammond, et al. (1993), however, different PVC materials and formulations result in very
different behavior; the choice of plasticizer and the material’s thickness both being of paramount
importance. An excellent overview of field performance is recently available in which 250 dams
which have been waterproofed by geomembranes is available from ICOLD (2010).

Regarding exposed geomembranes in flat roofs, past practice in the USA is almost all
with EPDM and CSPE and, more recently, with fPP. Manufacturers of these geomembranes
regularly warranty their products for 20-years and such warrants appear to be justified. EPDM
and CSPE, being thermoset or elastomeric polymers, can be used in dams without the necessity
of having seams by using vertical attachments spaced at 2 to 4 m centers, see Scuero and
Vaschetti (1996). Conversely, fPP can be seamed by a number of thermal fusion methods. All
of these geomembrane types have good conformability to rough substrates as is typical of
concrete and masonry dam rehabilitation. It appears as though experiences (both positive and
negative) with geomembranes in flat roofs should be transferred to all types of waterproofing in

civil engineering applications.
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3.2 Laboratory Weatherometer Predictions

For an accelerated simulation of direct ultraviolet light, high temperature, and moisture
using a laboratory weatherometer one usually considers a worst-case situation which is the solar
maximum condition. This condition consists of global, noon sunlight, on the summer solstice, at
normal incidence. It should be recognized that the UV-A range is the target spectrum for a
laboratory device to simulate the naturally occurring phenomenon, see Hsuan and Koerner
(1993), and Suits and Hsuan (2001).

The Xenon Arc weathering device (ASTM D4355) was introduced in Germany in 1954.
There are two important features; the type of filters and the irradiance settings. Using a quartz
inner and borosilicate outer filter (quartz/boro) results in excessive low frequency wavelength
degradation. The more common borosilicate inner and outer filters (boro/boro) shows a good
correlation with solar maximum conditions, although there is an excess of energy below 300 nm
wavelength. Irradiance settings are important adjustments in shifting the response although they
do not eliminate the portion of the spectrum below 300 nm frequency. Nevertheless, the Xenon
Arc device is commonly used method for exposed lifetime prediction of all types of
geosynthetics.

UV Fluorescent devices (ASTM D7238) are an alternative type of accelerated laboratory
test device which became available in the early 1970’s. They reproduce the ultraviolet portion of
the sunlight spectrum but not the full spectrum as in Xenon Arc weatherometers. Earlier FS-40
and UVB-313 lamps give reasonable short wavelength output in comparison to solar maximum.
The UVA-340 lamp was introduced in 1987 and its response is seen to reproduce ultraviolet light
quite well. This device (as well as other types of weatherometers) can handle elevated

temperature and programmed moisture on the test specimens.

-14-



Research at the Geosynthetic Institute (GSI) has actively pursued both Xenon and UV

Fluorescent devices on a wide range of geomembranes. Table 3 gives the geomembranes that

were incubated and the number of hours of exposure as of 12 July 2005.

Table 5 - Details of the GSI laboratory exposed weatherometer study on various types of

geomembranes
Geomembrane Thickness | UV Fluorescent | Xenon Comment
Type (mm) Exposure* Exposure*
1. HDPE (GM13) 1.50 8000 hrs. 6600 hrs. | Basis of GRI-GM13 Spec
2. LLDPE (GM17) 1.00 8000 6600 Basis of GRI-GM-17 Spec
3. PVC (No. Amer.) 0.75 8000 6600 Low Mol. Wt. Plasticizer
4. PVC (Europe) 2.50 7500 6600 High Mol. Wt. Plasticizer
5. fPP (BuRec) 1.00 2745%* 4416** Field Failure at 26 mos.
6. fPP-R (Texas) 0.91 100 100 Field Failure at 8 years
7. PP (No. Amer.) 1.00 7500 6600 Expected Good Performance

*As of 12 July 2005 exposure is ongoing
**Light time to reach halflife of break and elongation

3.3 Laboratory Weatherometer Acceleration Factors

The key to validation of any laboratory study is to correlate results to actual field
performance. For the nonexposed geomembranes of Section 2 such correlations will take
hundreds of years for properly formulated products. For the exposed geomembranes of Section
3, however, the lifetimes are significantly shorter and such correlations are possible. In
particular, Geomembrane #5 (flexible polypropylene) of Table 3 was an admittedly poor
geomembrane formulation which failed in 26 months of exposure at El Paso, Texas, USA. The
reporting of this failure is available in the literature, Comer, et al. (1998). Note that for both UV
Fluorescent and Xenon Arc laboratory incubation of this material, failure (halflife to 50%
reduction in strength and elongation) occurred at 2745 and 4416 hours, respectively. The

comparative analysis of laboratory and field for this case history allows for the obtaining of

acceleration factors for the two incubation devices.

-15-



3.3.1 Comparison between field and UV Fluorescent weathering

The light source used in the UV fluorescent weathering device is UVA with wavelengths
from 295-400 nm. In addition, the intensity of the radiation is controlled by the Solar Eye
irradiance control system. The UV energy output throughout the test is 68.25 W/m?.

The time of exposure to reach 50% elongation at break was as follows:

= 2745 hr. of light
= 9,882,000 seconds

Total energy in MJ/m* = 68.25 W/m” x 9,882,000
= 674.4 MJ/m’

The field site was located at El Paso, Texas. The UVA radiation energy (295-400 nm) at this site
is estimated based on data collected by the South Florida Testing Lab in Arizona (which is a
similar atmospheric location). For 26 months of exposure, the accumulated UV radiation energy
is 724 MJ/m* which is very close to that generated from the UV fluorescent weatherometer.

Therefore, direct comparison of the exposure time between field and UV fluorescent is

acceptable.
Field time vs. Fluorescent UV light time:  Thus, the acceleration factor is 6.8.
= 26 Months = 3.8 Months

3.3.2 Comparison between field and Xenon Arc weathering

The light source of the Xenon Arc weathering device simulates almost the entire sunlight
spectrum from 250 to 800 nm. Depending of the age of the light source and filter, the solar
energy ranges from 340.2 to 695.4 W/m?, with the average value being 517.8 W/m’.

The time of exposure to reach 50% elongation at break

= 4416 hr. of light
=15,897,600 seconds

Total energy in MJ/m*> =517.8 W/m? x 15,897,600
= 8232 MJ/m’

-16-



The solar energy in the field is again estimated based on data collected by the South Florida
Testing Lab in Arizona. For 26 months of exposure, the accumulated solar energy (295-800 nm)
is 15,800 MJ/m?, which is much higher than that from the UV Fluorescent device. Therefore,
direct comparison of halflives obtained from the field and Xenon Arc device is not anticipated to
be very accurate. However, for illustration purposes the acceleration factor based on Xenon Arc
device would be as follows:

Field vs. Xenon Arc : Thus, the acceleration factor is 4.3.
= 26 Months = 6.1 Months

The resulting conclusion of this comparison of weathering devices is that the UV
Fluorescent device is certainly reasonable to use for long-term incubations. When considering
the low cost of the device, its low maintenance, its inexpensive bulbs, and ease of repair it (the
UV Fluorescent device) will be used exclusively by GSI for long-term incubation studies.

3.3.3 Update of exposed lifetime predictions

There are presently (2011) four field failures of flexible polypropylene geomembranes and
using unexposed archived samples from these sites their responses in laboratory UV Fluorescent
devices per ASTM D7328 at 70°C are shown in Figure 5. From this information we deduce that
the average correlation factor is approximately 1200 light hours ~ one-year in a hot climate.

This value will be used accordingly for other geomembranes.

-17-
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Exposure of a number of different types of geomembranes in laboratory UV Fluorescent
devices per ASTM D7238 at 70°C has been ongoing for the six years (between 2005 and 2011)
since this White Paper was first released. Included are the following geomembranes:

e Two black 1.0 mm (4.0 mil) unreinforced flexible polypropylene geomembranes
formulated per GRI-GM 18 Specification; see Figure 6a.

e Two black unreinforced polyethylene geomembranes, one 1.5 mm (60 mil) high density
per GRI-GM13 Specification and the other 1.0 mm (40 mil) linear low density per GRI-

GM17 Specification; see Figure 6b.

e One 1.0 (40 mil) black ethylene polypropylene diene terpolymer geomembrane per GRI-

GM21 Specification; see Figure 6c.

e Two polyvinyl chloride geomembranes, one black 1.0 mm (40 mil) formulated in North

America and the other grey 1.5 mm (60 mil) formulated in Europe; see Figure 6d.
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Figure 6a. Flexible polyethylene (fPP) geomembrane behavior.
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Figure 6b. Polyethylene (HDPE and LLDPE) geomembrane behavior.
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Figure 6¢. Ethylene polypropylene diene terpolymer (EPDM) geomembrane.
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Figure 6d. Polyvinyl chloride (PVC) geomembranes.
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From the response curves of the various geomembranes shown in Figure 6a-d, the 50% reduction
value in strength or elongation (usually elongation) was taken as being the “halflife”. This value
is customarily used by the polymer industry as being the materials lifetime prediction value. We
have done likewise to develop Table 6 which is our predicted values for the designated exposed
geomembrane lifetimes to date.

Table 6 — Exposed lifetime prediction results of selected geomembranes to date

Type Specification Prediction Lifetime in a Dry and Arid Climate
HDPE GRI-GM13 > 36 years (ongoing)
LLDPE GRI-GM17 ~ 36 years (halflife)
EPDM GRI-GM21 > 27 years (ongoing)
fPP-2 GRI-GM18 ~ 30 years (halflife)
fPP-3 GRI-GM18 > 27 years (ongoing)
PVC-N.A. (see FGI) ~ 18 years (halflife)
PVC-Eur. proprietary > 32 years (ongoing)

4.0 Conclusions and Recommendations

This White Paper is bifurcated into two very different parts; covered (or buried) lifetime
prediction of HDPE geomembranes and exposed (to the atmosphere) lifetime prediction of a
number of geomembrane types. In the covered geomembrane study we chose the geomembrane
type which has had the majority of usage, that being HDPE as typically used in waste
containment applications. Invariably whether used in landfill liner or cover applications the
geomembrane is covered. After ten-years of research Table 2 (repeated here) was developed
which is the conclusion of the covered geomembrane research program. Here it is seen that
HDPE decreases its predicted lifetime (as measured by its halflife) from 446-years at 20°C, to

69-years at 40°C. Other geomembrane types (LLDPE, fPP, EPDM and PVC) have had



essentially no focused effort on their covered lifetime prediction of the type described herein.

That said, all are candidates for additional research in this regard.

Table 2 - Lifetime prediction of HDPE (nonexposed) at various field temperatures

In Service Stage “A” (years) Stage “B” | Stage “C” Total

Temperature | Standard | High Press. | Average Prediction*
(°C) OIT OIT OIT (years) (years) (years)
20 200 215 208 30 208 446
25 135 144 140 25 100 265
30 95 98 97 20 49 166
35 65 67 66 15 25 106
40 45 47 46 10 13 69

*Total = Stage A (average) + Stage B + Stage C

Exposed geomembrane lifetime was addressed from the perspective of field performance
which is very unequivocal. Experience in Europe, mainly with relatively thick PVC containing
high molecular weight plasticizers, has given 25-years of service and the geomembranes are still
in use. Experience in the USA with exposed geomembranes on flat roofs, mainly with EPDM
and CSPE, has given 20 -years of service. The newest geomembrane type in such applications is
fPP which currently carries similar warranties.

Rather than using the intricate laboratory setups of Figure 1 which are necessary for
covered geomembranes, exposed geomembrane lifetime can be addressed by using accelerating
laboratory weathering devices. Here it was shown that the UV fluorescent device (per ASTM
D7238 settings) versus the Xenon Arc device (per ASTM D 4355) is equally if not slightly more
intense in its degradation capabilities. As a result, all further incubation has been using the UV
fluorescent devices per D7238 at 70°C.

Archived flexible polypropylene geomembranes at four field failure sites resulted in a

correlation factor of 1200 light hours equaling one-year performance in a hot climate. Using this



value on the incubation behavior of seven commonly used geomembranes has resulted in the
following conclusions (recall Figure 6 and Table 6);

e HDPE geomembranes (per GRI-GM13) are predicted to have lifetimes greater than 36-
years; testing is ongoing.

e LLDPE geomembranes (per GRI-GM17) are predicted to have lifetimes of approximately
36-years.

e EPDM geomembranes (per GRI-GM21) are predicted to have lifetimes of greater than
27-years; testing is ongoing.

e {PP geomembranes (per GRI-GM18) are predicted to have lifetimes of approximately 30-
years.

e PVC geomembranes are very dependent on their plascitizer types and amounts, and
probably thicknesses as well. The North American formulation has a lifetime of
approximately 18-years, while the European formulation is still ongoing after 32-years.

Regarding continued and future recommendations with respect to lifetime prediction, GSI is
currently providing the following:

(1) Continuing the exposed lifetime incubations of HDPE, EPDM and PVC (European)
geomembranes at 70°C.

(i1) Beginning the exposed lifetime incubations of HDPE, LLDPE, fPP, EPDM and both
PVC’s at 60°C and 80°C incubations.

(111)With data from these three incubation temperatures (60, 70 and 80°C), time-temperature-
superposition plots followed by Arrhenius modeling will eventually provide information

such as Table 2 for covered geomembranes. This is our ultimate goal.



(iv)Parallel lifetime studies are ongoing at GSI for four types of geogrids and three types of
turf reinforcement mats at 60, 70 and 80°C.

(v) GSI does not plan to duplicate the covered geomembrane study to other than the HDPE
provided herein. In this regard, the time and expense that would be necessary is
prohibitive.

(vi)The above said, GSI is always interested in field lifetime behavior of geomembranes (and
other geosynthetics as well) whether covered or exposed.
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“Cold Temperature and Free-Thaw Cycling Behavior of Geomembranes and Their
Seams”

Introduction

It is common knowledge that materials in general, and polymeric materials in particular,
will somewhat soften and increase in flexibility under high temperatures and will conversely
somewhat harden and decrease in flexibility under cold temperatures. While there are indeed
circumstances where high ambient temperatures are important, this white paper focuses entirely
on cold ambient temperatures. Even further, it addresses cold temperature behavior of the
various geomembranes by themselves and, most importantly, the freeze-thaw cycling behavior of
a large number of geomembrane sheets and their seams.

The stimulus for writing the white paper is the myriad questions that regularly come to
GSI as to the potential negative effects on the tensile strength of geomembranes and their seams
under cold temperature and cyclic freeze-thaw field conditions. As will be seen, the primary
source for the information to be presented herein is a joint U.S. EPA/U.S. BuRec study
conducted by Alice Comer and Grace Hsuan in 1996. Other companion technical information
will also be presented.

Cold Temperature Behavior of Geomembranes

A report by Thornton and Blackall (1976) appears to be the first in describing Canadian
experiences with geomembranes in cold regions. Subsequently, Rollin, et al. (1984) conducted a
laboratory study on 21 types of geomembranes at temperatures down to - 35°C. They found
increasing tensile strength with decreasing temperature. Richards, et al. (1985) did similar
studies which also resulted in an increase in strength and a decrease in elongation with
decreasing temperatures. They evaluated PVC, CPE and HDPE geomembranes and presented

the stress-versus-strain curves at +23°C, -7°C and -26°C temperatures; see Figures 1a, 1b, and
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Figure 1 — Stress-versus-strain behavior of three geomembrane types under progressively colder
testing environments, Richards, et al. (1985)



lc. Here one can readily observe how the sets of curves transition from relatively ductile
behavior at +23°C, to relatively brittle behavior at -26°C, with the intermediate behavior at -
7°C. There are a few outliers, but the trends are undeniable. This general behavior was
confirmed by Peggs, et al. (1990) and Giroud, et al. (1993), the latter working with both smooth
and textured HDPE geomembranes.

While this type of thermal behavior is of interest, such information for a specific type of
geomembrane must be obtained by performing or commissioning individual tests so as to obtain
actual design information. Such individual testing is required due to the uniqueness of each
polymer type and its specific formulation. Additives such as plasticizers, fillers, antioxidants,
carbon black, colorants, etc., can influence the results to varying degrees. Even the resins
themselves have behavioral differences at different temperatures. For example, the glass
transition temperature of propylene is -7°C, below which the polymer is glassy and above which
it is characterized as rubbery. In such a case the tensile properties are greatly influenced, as well
as the material’s creep and stress relaxation behavior.

There are other aspects of cold temperatures on geomembranes that go beyond the scope
of this white paper. In particular are cases of impact shuttering failures in cold climates and
installation concerns such as frozen subgrade, bridging, snow and ice removal and worker
discomfort, Burns, et al. (1990).

Freeze-Thaw Cycling of Geomembrane Sheets and Seams

Budiman (1994) reported on both cold temperature behavior but also appears to be the
first to include freeze-thaw cycling for up to 150 repetitions. He focused entirely on HDPE sheet
(of different thicknesses) but not on seams. There was no degradation observed during his tests

but he suggested that more cycles would be appropriate. At approximately the same time a much



larger freeze-thaw study was ongoing. The final report by Comer and Hsuan was released by the
U.S. Bureau of Reclamation in 1996. Related papers leading up to this final report are Hsuan, et
al. (1993), Comer, et al. (1995), and Hsuan, et al. (1997). Their combined study involved 19
different geomembrane sheet materials and 31 different seam types. Furthermore, seven
different resin types were evaluated. The resin types were the following:

e polyvinyl chloride (PVC)

e linear low density polyethylene (LLDPE)

e high density polyethylene (HDPE)

e flexible polypropylene (fPP)

e chlorosulfonated polyethylene (CSPE)

e fully crosslinked elastomeric alloy (FCEA)
All except FCEA are currently available, however, changes in additives and formulations have
occurred and will likely to do so in the future. The entire study was conducted in four discrete
parts although the fourth part was focused on induced tensile stress and stress relaxation and is
not the specific purpose of this white paper. See Table 1 for the relevant three parts of their
study.

Table 1 — Experimental Design of Different Parts of Comer and Hsuan (1996) Study

Part Cyclic Temperature Maximum Incubation Tensile Test
Range Cycles Condition Temperature
I +20°C to -20°C 200 relaxed +20°C
11 +20°C to -20°C 200 relaxed -20°C
111 +30°C to -20°C 500 constrained +20°C

Part I consisted of 19 sheet materials and 27 seams. They underwent freeze-thaw cycles
at +20°C for 8 hours and then -20°C for 16 hours. Tensile tests were then conducted at +20°C

after 1, 5, 10, 20 50, 100 and 200 cycles.




Part II consisted of 6 sheet materials and 13 seams. They also underwent freeze-thaw
cycling at +20°C for 8 hours and then -20°C for 16 hours. Different in this regard was that
tensile tests were then conducted at -20°C after 1, 5, 10, 20, 50, 100 and 200 cycles. The -20°C
tests were conducted in an environmental chamber (both specimens and their grips) cooled by
liquid nitrogen and set at -20°C temperature.

Part III consisted of the same set of 19 sheet materials and 27 seams as in Part I but were
now tensioned at a constant strain during the freeze-thaw cycling. The rack used for the
tensioning is shown in Figure 2a and the assembly within the environmental chamber is shown in
Figure 2b.  After the targeted number of freeze-thaw cycles at +20°C for 8 hours and -20°C for

16 hours, specimens were removed and tested at +20°C after 1, 10, 50, 100, 200 and 500 cycles.

(a) Method of applying tensile load to test specimens in Part III tests
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(b) Geomembrane racks in holding frame used in Part III series

Figure 2 — Method used for tensioning samples during incubation; Comer and Hsuan (1996)

Rather than showing the graphic results of the above freeze-thaw cycling study (it is available in
full in the Comer and Hsuan report by the Bureau of Reclamation and the related papers by these
authors) only the concluding comments will be reproduced here. They follow verbatim from the

report.

Part I — Results on 200 Freeze-Thaw Cycles Tested at +20°C

e Tensile tests on geomembrane sheets: “The results show no change in either the peak
strength or peak elongation of any of the tested materials”.

e Shear tests on the geomembrane seams: “The results show no change in shear
strength of any of the tested seam materials”.

e Peel tests on the geomembrane seams: “The results show no change in peel strength

of any of the tested seam materials.



Part II — Results on 200 Freeze-Thaw Cycles Tested at -20°C

e Tensile tests on geomembrane sheets: “The results show no change in either the peak
strength or peak elongation of any of the tested materials”.

e Shear tests on the geomembrane seams: “The results show no change in shear
strength of any of the tested seam materials”.

e Peel tests on the geomembrane seams: “The results show no change in peel strength
of any of the tested seam materials.

Part III — Results on 500 Freeze-Thaw Cycles Tested at +20°C in a Constrained Condition

e Tensile tests on geomembrane sheets: “The results show no change in either the peak
strength or peak elongation of any of the tested materials”.

e Shear tests on the geomembrane seams: “The results show no change in shear
strength of any of the tested seam materials”.

e Peel tests on the geomembrane seams: “The results show no change in peel strength
of any of the tested seam materials.

Conclusion and Recommendations

This two-part white paper focused initially on the cold temperature tensile behavior of the
stress- versus-strain curves of several different types of geomembranes. As expected, the colder
the temperature the more brittle, hence less ductile, were the response curves. Geomembranes
made from PVC, CPE and HDPE were illustrated in this regard. The recommendation reached
for this part of the white paper is that if a formulation-specific geomembrane under site-specific
conditions is to be evaluated for its stress-versus-strain response, actual tests must be

commissioned accordingly. The literature can only give general trends in this regard.



The second (and more important) part of this white paper focused entirely on freeze-thaw
behavior of geomembranes and their different seam types. The U.S. Bureau of Reclamation
report is extremely revealing in this regard. The conclusion that the authors reached is that there
is simply “no change” in tensile behavior of geomembrane sheets or their seams after freeze-
thaw cycling. It is felt that this conclusion in the context of their study is so impressive that it
has essentially “closed the door” to further research on this specific topic. The essential question
often raised in this regard, i.e., “will freeze-thaw conditions affect geomembrane sheets or their
seam behavior,” is answered with a resounding “NO”.
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Chemical Resistance Information Page 1 of 1

CHEMICAL COMPATIBILITY
OF POLY-FLEX LINERS

Chemical compatibility or resistance as applied to geomembranes is a relative term. Actually
compatibility would mean that one material will dissolve in the other such as alcohol in water or grease
in gasoline. An example of incompatibility would be oil and water. In liners it is undesirable to have the
chemicals dissolve in the liner hence the term compatibility is the reverse of what is normally meant in
the chemical industry. In the strictest sense and from a laboratory prospective, chemical compatibility,
as the term applies to this industry, would imply that the chemical has no effect on the liner. On the
other hand, from an engineering prospective, chemical compatibility means that a liner will survive the
exposure to a given chemical even though the chemical could have some effect on the performance of
the liner, but not enough to cause failure. Therefore, one must understand and define chemical
compatibility for a specific project.

Generally polyethylene will be effected by chemicals in one of three ways.

1. No effect—This means that the chemical in question and the polyethylene do not interact. The
polyethylene does not gain (lose) weight, swell, and the physical properties are not significantly
altered.

2. Oxidizes (cross linking)—Chemicals classed as oxidizing agents will cause the polyethylene
molecules to cross link and cause irreversible changes to the physical properties of the liner.
Basically it makes the liner brittle.

3. Plasticizes—Chemicals in this classification are soluble in the polyethylene structure. They do
not change the structure of the polyethylene itself but will act as a plasticizer. In doing so, the
liner will experience weight gain of 3-15%, may swell by up to 10%, and will have measurable
changes in physical properties (i.e. the tensile strength at yield may decrease by up to 20%).
Even under these conditions the liner will maintain its integrity and will not be breached by
liquids, provided the liner has not been subjected to any stress. These effects are reversible
once the chemicals are removed and the liner has time to dry out.

Aside from the effect that chemicals have on a liner is the issue of vapor permeation through the liner.
Vapor permeation is molecular diffusion of chemicals through the liner. Vapor transmission for a given
chemical is dependent primarily on liner type, contact time, chemical solubility, temperature, thickness,
and concentration gradient, but not on hydraulic head or pressure. Transmission through the liner can
occur in as little as 1-2 days. Normally, a small amount of chemical is transmitted. Generally HDPE
has the lowest permeation rate of the liners that are commercially available.

As stated above chemical compatibility is a relative term. For example, the use of HDPE as a primary
containment of chlorinated hydrocarbons at a concentration of 100% may not be recommended, but it
may be acceptable at 0.1% concentration for a limited time period or may be acceptable for secondary
containment. Factors that go into assessment of chemical compatibility are type of chemical(s),
concentration, temperature and the type of application. No hard and fast rules are available to make
decisions on chemical compatibility. Even the EPA 9090 test is just a method to generate data so that
an opinion on chemical compatibility can be more reliably reached.

A simplified table on chemical resistance is provided to act as a screening process for chemical
containment applications.

Poly-Flex, Inc. « 2000 W. Marshall Dr. « Grand Prairie, TX 75051 U.S.A. « 888-765-9359
© Poly-Flex, Inc. « All Rights Reserved
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Chemical Resistance Information Page 1 of 2

CHEMICAL RESISTANCE INFORMATION

CHEMICAL PRIMARY CONTAINMENT SECONDARY CONTAINMENT

CHEMICAL CLASS EFFECT (LONG TERM CONTACT) (SHORT TERM CONTACT)
HDPE LLDPE HDPE LLDPE

CARBOXYLIC ACID 1

- Unsubstituted (e.g. Acetic acid) B C A C

- Substituted (e.g. Lactic acid) A B A A

- Aromatic (e.g. Benzoic acid) A B A A
ALDEHYDES 3

- Aliphatic (e.g. Acetaldehyde) B C B C

- Hetrocyclic (e.g. Furfural) C C B C
AMINE 3

- Primary (e.g. Ethylamine) B C B C

- Secondary (e.g. Diethylamine) C C B C

- Aromatic (e.g. Aniline) B C B C
CYANIDES (e.g. Sodium Cyanide) 1 A A A A
ESTER (e.g. Ethyl acetate) 3 B C B C
ETHER (e.g. Ethyl ether) C C B C
HYDROCARBONS 3

- Aliphatic (e.g. Hexane) C C B C

- Aromatic (e.g. Benzene) C C B C

- Mixed (e.g. Crude oil) C B C
HALOGENATED HYDROCARBONS 3

- Aliphatic (e.g. Dichloroethane) +A4 C C B C

- Aromatic (e.g. Chlorobenzene) C C B C
ALCOHOLS 1

- Aliphatic (e.g. Ethyl alcohol) A A A A

- Aromatic (e.g. Phenol) A C A B
INORGANIC ACID

- Non-Oxidizers (e.g. Hydrocloric acid) 1 A A A A

- Oxidizers (e.g. Nitric Acid) 2 C C B C
INORGANIC BASES 1 A A A A

(e.g. Sodium hydroxide)
SALTS (e.g. Calcium chloride) 1 A A A A
METALS (e.g. Cadmium) 1 A A A A
KETONES (e.g. Methyl ethyl ketone) 3 C C B C
OXIDIZERS (e.g. Hydrogen Peroxide) 2 C C C C

Chemical effect (see discussion on Chemical Resistance)

1 . No Effect--Most chemicals of this class have no or minor effect.

2. Oxidizer—Chemicals of this class will cause irreversible degradaton.

http://www.poly-flex.com/printpg/rfcr.html 10/20/2008



Chemical Resistance Information Page 2 of 2

3. Plasticizer--Chemicals of this class will cause a reversible change in physical properties.
Chart Rating

A. Most chemicals of this class have little or no effect on the liner.

Recommended regardless of concentration or temperature (below 150° F).

B. Chemicals of this class will effect the liner to various degrees.
Recommendations are based on the specific chemical, concentration and temperature.

Consult with Poly-Flex, Inc.

C. Chemicals of this class at high concentrations will have significant effect on the physical properties of the liner.
Generally not recommended but may be acceptable at low concentrations and with special design considerations.
Consult with Poly-Flex, Inc.

This data is provided for informational purposes only and is not intended as a warranty or guarantee. Poly-Flex, Inc. assumes no responsibility in
connection with the use of this data. Consult with Poly-Flex, Inc. for specific chemical resistance information and liner selection.

Poly-Flex, Inc. « 2000 W. Marshall Dr. « Grand Prairie, TX 75051 U.S.A. « 888-765-9359
© Poly-Flex, Inc. « All Rights Reserved

http://www.poly-flex.com/printpg/rfcr.html 10/20/2008



CHEMICAL RESISTANCE INFORMATION
POLY.FLEX

POLYETHYLENE GEOMEMBRANES

CHEMICAL COMPATIBILITY OF POLY-FLEX LINERS

Chemical compatibility or resistance, as applied to geomembranes, is a relative term. Actual compatibility
would mean that one material dissolves in the other such as alcohol in water or grease in gasoline. An example
of incompatibility would be oil and water. In liners it is undesirable to have the chemicals dissolve in the liner,
hence the term compatibility is the reverse of what is normally meant in the chemical industry. In the strict-
est sense and from a laboratory perspective, chemical compatibility, as the term applies to this industry, would
imply that the chemical has no effect on the liner. On the other hand, from an engineering perspective, chemi-
cal compatibility means that a liner survives the exposure to a given chemical even though the chemical could
have some effect on the performance of the liner, but not enough to cause failure. Therefore, one must under-
stand and define chemical compatibility for a specific project.

Generally polyethylene is effected by chemicals in one of three ways.

1. No effect—This means that the chemical in question and the polyethylene do not interact. The poly-
ethylene does not gain (lose) weight or swell, and the physical properties are not significantly altered.

2. Oxidizes (cross linking)—Chemicals classed as oxidizing agents cause the polyethylene molecules to
cross link and cause irreversible changes to the physical properties of the liner. Basically they make the
liner brittle.

3. Plasticizes—Chemicals in this classification are soluble in the polyethylene structure. They do not
change the structure of the polyethylene itself but act as a plasticizer. In doing so, the liner experiences
weight gain of 3-15%, may swell by up to 10%, and has measurable changes in physical properties
(e.g. the tensile strength at yield may decrease by up to 20%). Even under these conditions the liner
maintains its integrity and is not breached by liquids, provided the liner has not been subjected to any
stress. These effects are reversible once the chemicals are removed and the liner has time to dry out.

Aside from the effect that chemicals have on a liner is the issue of vapor permeation through the liner. Vapor
permeation is molecular diffusion of chemicals through the liner. Vapor transmission for a given chemical is
dependent primarily on liner type, contact time, chemical solubility, temperature, thickness, and concentration
gradient, but not on hydraulic head or pressure. Transmission through the liner can occur in as little as 1-2 days.
Normally, a small amount of chemical is transmitted. Generally HDPE has the lowest permeation rate of the lin-
ers that are commercially available.

As stated above chemical compatibility is a relative term. For example, the use of HDPE as a primary contain-
ment of chlorinated hydrocarbons at a concentration of 100% may not be recommended, but it may be
acceptable at 0.1% concentration for a limited time period or may be acceptable for secondary containment.
Factors that go into assessment of chemical compatibility are type of chemical(s), concentration, temperature
and the type of application. No hard and fast rules are available to make decisions on chemical compatibility.
Even the EPA 9090 test is just a method to generate data so that an opinion on chemical compatibility can be
more reliably reached.

A simplified table on chemical resistance is provided to act as a screening process for chemical containment
applications.
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CHEMICAL RESISTANCE INFORMATION
POLY.FLEX

POLYETHYLENE GEOMEMBRANES

PRIMARY CONTAINMENT |SECONDARY CONTAINMENT
CHEMICAL CLASS CHEMICAL (LONG TERM CONTACT) (SHORT TERM CONTACT)
EFFECT HDPE LLDPE HDPE LLDPE

CARBOXYLIC ACID 1

- Unsubstituted (e.g. Acetic acid) B C A C

- Substituted (e.g. Lactic acid) A B A A

- Aromatic (e.g. Benzoic Acid) A B A A
ALDEHYDES 3

- Aliphatic (e.g. Acetaldehyde) B C B C

- Hetrocyclic (e.g. Furfural) C C B C
AMINE 3

- Primary (e.g. Ethylamine) B C B C

- Secondary (e.g. Diethylamine) C C B C

- Aromatic (e.g. Aniline) B C B C
CYANIDES (e.g. Sodium Cyanide) 1 A A A A
ESTER (e.g. Ethyl acetate) 3 B C B C
ETHER (e.g. Ethyl ether) C C B C
HYDROCARBONS 3

- Aliphatic (e.g. Hexane) C C B C

- Aromatic (e.g. Benzene) C C B C

- Mixed (e.g. Crude oil) C C B C
HALOGENATED HYDROCARBONS 3

- Aliphatic (e.g. Dichloroethane) +A4 C C B C

- Aromatic (e.g. Chlorobenzene) C C B C
ALCOHOLS 1

- Aliphatic (e.g. Ethyl alcohol) A A A A

- Aromatic (e.g. Phenol) A C A B
INORGANIC ACID

- Non-oxidizers (e.g. Hydrochloric acid) 1 A A A A

- Oxidizers (e.g. Nitric Acid) 2 C C B C
INORGANIC BASES (e.g. Sodium hydroxide) 1 A A A A
SALTS (e.g. Calcium chloride) 1 A A A A
METALS (e.g. Cadmium) 1 A A A A
KETONES (e.g. Methyl ethyl ketone) 3 C C B C
OXIDIZERS (e.g. Hydrogen peroxide) 2 C C C C

Chemical Effect (see discussion on Chemical Resistance)

1. No Effect—Most chemicals of this class have no or minor effect.
2. Oxidizer—Chemicals of this class will cause irreversible degradation.
3. Plasticizer—Chemicals of this class will cause a reversible change in physical properties.

Chart Rating

A. Most chemicals of this class have little or no effect on the liner.
Recommended regardless of concentration or temperature (below 150° F).

B. Chemicals of this class will affect the liner to various degrees.
Recommendations are based on the specific chemical, concentration and temperature.
Consult with Poly-Flex, Inc.

C. Chemicals of this class at high concentrations will have significant effect on the physical properties of the liner.
Generally not recommended but may be acceptable at low concentrations and with special design considerations.
Consult with Poly-Flex, Inc.

The data in this table is provided for informational purposes only and is not intended as a warranty or guarantee. Poly-Flex, Inc. assumes no
responsibility in connection with the use of this data. Consult with Poly-Flex, Inc. for specific chemical resistance information and liner
selection.
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Chemicals Resistance Table
Low Density and High Density Polyethylene

INTRODUCTION

The table in this document summarises the data given in a number of chemical resistance tables
at present in use in various countries, derived from both practical experience and test resulis.

Source: ISO/TR 7472, 7474, Carlowitz: “Kunststofftabellen-3. Auflage”.

The table contains an evaluation of the chemical resistance of a number of fluids judged to be
either aggressive or not towards low and high density polyethylene. This evaluation is based on
values obtained by immersion of low and high density polyethylene test specimens in the fluid
concerned at 20 and 60°C and atmospheric pressure, followed in certain cases by the
determination of tensile characteristics.

A subsequent classification will be established with respect o a restricted number of fluids
deemed to be technically or commercially more important, using equipment which permits testing
under pressure and the determination of the icoefficient of chemical resistancei for each fluid.
These tests will thus furnish more complete indications on the use of low and high density
polyethylene products for the transport of stated fluids, including their use under pressure.

SCOPE AND FIELD APPLICATION

This document establishes a provisional classification of the chemical resistance of low and high
density polyethylene with respect to about 300 fluids. It is intended to provide general guidelines
on the possible utilisation of low and high density polyethylene:

- at temperatures up to 20 och 60°C
- in the absence of internal pressure and external mechanical stress
(for example flexural stresses, stresses due to thrust, rolling loads etc).

DEFINITIONS, SYMBOLS AND ABBREVIATIONS

The criteria of classification, definitions, symbaols and abbreviations adopted in this document are
as follows:

S= Satisfactory

The chemical resistance of low or high density polyethylene exposed to the action of a fluid is
classified as “satisfactory” when the results of test are acknowledged to be isatisfactoryi by the
majority of the countries participating in the evaluation.



L= Limited

The chemical resistance of low or high density polyethylene exposed to the action of a fluid is
classified as “limited” when the results of tests are acknowledged to be “limited” by the majority of
the countries participating in the evaluation.

Also classified as “limited” are the resistance to the action of chemical fluids for which judgements
“S" and “NS" or “L" are pronounced to an equal extent.

NS = Not satisfactory

The chemical resistance of low or high density polyethylene exposed to the action of a fluid is
classified as “not satisfactory” when the results of tests are acknowledged to be “not satisfactory”
by the majority of the countries participating in the evaluation.

Also classified as “not satisfactory” are materials for which judgements “L” and “NS” are
pronounced to an equal extent.

Sat.sol Saturated agueous solution, prepared at 20°C

Sol Aqueous solution at a concentration higher than 10 %, but not saturated
Dil.sol Dilute aqueous solution at a concentration equel to or lower than 10 %
Work.sol Agqueous solution having the usual concentration for industrial use

Solution concentrations reported in the text are expressed as a percentage by mass.
The agueous solutions of sparingly soluble chemicals are considered, as far as chemical action
towards low or high density polyethylene is concerned, as saturated solutions.

in general, common chemical names are used in this document.

The table is made as a first guideline for user of polyethylene. If a chemical compound is not to be
found or if there is an uncertainty on the chemical resistance in an application, please contact
Borealis for advise and proposal on testing.



Chemical resistance of low density and high density polyethylene,

not subjected to mechanical stress, to various fluids at 20 and 60°C

Chemical or product

Acetaldehyde
Acetanilide

Acetic acid

Acetic acid

Acetic acid, glacial
Acetic anhydride
Acetone

Acrylnitrile
Acetylsilicacid

Adipic acid

After shave

Aliphatic hydocarbons
Allyl acetate

Allyl alcohol

Allyl alcohol

Allyl chloride
Aluminium chloride
Aluminium fluoride
Aluminium hydroxide
Aluminium nitrate
Aluminium oxychloride
Al/potassium sulphate
Aluminium sulphate
Alums

Aminobenzoic acid
Ammonia, dry gas
Ammonia, liquid
Ammonia, aqueous
Ammonium acetate
Ammonium carbonate
Ammonium chloride
Ammonium fluoride
Ammonium hexafluorosilicate
Ammonium hydrogen carbonate
Ammonium hydroxide
Ammonium hydroxide

Concentration
100 %

10 %

60 %

Greater than 96 %
100 %

100 %

Sat.sol

100 %
96 %
Sat sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol

100 %
100 %
Dil.sol
Sat.sol
Sat.sol
Sol
Sat.sol
Sat.sol
10 %
30%
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20
L
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Chemical or product

Ammonium metaphosphate

Ammonium nitrate
Ammonium oxalate
Ammonium phosphate
Ammonium persulphate
Ammonium sulphate
Ammonium sulphide
Ammonium thiocyanate
Amyl acetate

Amyl alcohol

Amyl chloride

Amyl phthalate

Aniline
Anilinchlorohydrate
Antimany (111} chioride
Antimony (l1I) chloride
Antimony trichloride
Apple juice

Aqua regia

Aromaitic hydrocarbons
Arsenic acid

Asorbic acid

Barium bromide
Barium carbonate
Barium chloride
Barium hydroxide
Barium sulphate
Barium sulphide
Beer
Benzaldehyde
Benzene

Benzoic acid
Benzoyichloride
Benzyl alcohol
Benzylsulphonic acid
Bismuth carbonate
Bitumen

Bleach lye

Concentration

Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol

Sat.sol
100 %
100 %
100 %

100 %

90 %

Sat.sol

Sol

Sol

HCI/HNO; = 3/1
Sat.sol

10 %

Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol

100 %
100 %
Sat.sol

10 %
Sat.sol

10 %
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Chemical or product

Borax

Boric acid
Boron trifluoride
Brake fluid
Brine

Bromine, dry gas
Bromine, liquid
Bromoform
Butandiol
Butandiol
Butandiol
Butane, gas
Butanol

Butter

Butyl acetate
Butyl alcohol
Butyl chloride
Butylene glycol
Butylene glycol
Butylene glycol
Butyraldehyde
Butyric acid

Calcium arsenate
Calcium benzoate
Calcium bisulphide
Calcium bromate
Calcium bromide
Calcium carbonate
Calcium chlorate
Calcium chloride
Calcium chromate
Calcium cyanide

Calcium hydrosulphide

Calcium hydroxide

Calcium hypochlorite

Calcium nitrate
Calcium oxide
Calcium perchlorate

Concentration

Sat.sol
Sat.sol

100 %
100 %
100 %
10 %
60 %
100 %
100 %
100 %

100 %
100 %

10 %
60 %
100 %

100 %

10 %
Sat.sol
Sat.sol
Sat.sol
Sat.sol
40 %

Sol
Sat.sol
Sol
Sat.sol
Sat.sol
1%
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Chemical or product

Calcium permanganate

Calcium persulphate
Calcium sulphate
Calcium sulphide
Camphor oil

Carbon dioxide, dry gas

Carben dioxide, wet
Carbon disulphide
Carbon monoxide
Carbon tetrachloride
Carbonic acid
Castor oil

Chlorine, water
Chlorine, aquecus
Chlorine, dry gas
Chloroacetic acid
Chlorohenzene
Chloroethanol
Chloroform
Chloromethane, gas
Chlorosulphonic acid
Chloropropene
Chrome alum
Chromic acid
Chromic acid
Chromic acid
Chromium VI oxide
Cider

Citric acid

Citric acid

Citric acid

Coconut oil alcoholic
Coffee

Copper (ll) chloride
Copper cyanide
Copper (ll) fluoride
Copper (l1) fluoride
Copper (ll) nitrate
Copper (ll) sulphate

Concentration

20 %
Sol
Sat.sol
Dil.sol

100 %

100 %
100 %
100 %

Sol

2 % Sat.sol
Sat.sol

100 %

Sol

100 %

100 %

100 %

100 %

100 %

Sol
Sat.sol
20 %
50 %
Sat.sol

Sat.sol
10%
25 %

Sat.sol
Sat.sol
Sat.sol
2%

Sat.sol
Sat.sol
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Chemical or product

Corn oil
Cottonseed oil
Cresylic acid
Crotonaldehyde
Cyclanone
Cyclohexane
Cyclohexanol
Cyclohexanol
Cyclohexanone

Decahydronaphthalene
Decane

Decalin

Detergents, synthetic

Developers (photographic)

Dextrin

Dexirose
Diacetone alcohol
Diazo salts

Dibutyl amine
Dibuthyl ether
Dibutylphthalate
Dichlorobenzene
Dichloroethylene
Dichloropropylene
Diesel oil

Diethyl ether
Diethyl ketone
Diethylene glycol
Diglycolic acid
Diisobutylketone
Dimethyl amine
Dimethyl formamid
Dioctyl phthalate
Dioxan

Dipentene
Disodium phosphate
Drano, plumbing cleaner

Concentration

Sat.sol
Sat.sol

Sat.sol
100 %
100 %

100 %
100 %
Work.conc

Sol
Sol
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Chemical or product

Emulsions, photographic

Ethandiol
Ethanol

Ethanol

Ethyl acetate
Ethyl acrylate
Ethyl alcohol
Ethyl alcohol
Ethyl benzene
Ethyl chloride
Ethylene chloride
Ethylene diamine
Ethyl ether
Ethylene glycol
Ethyl mercaptan

Ferric chloride
Ferric nitrate
Ferric sulphate
Ferrous chloride
Ferrous sulphate
Fish solubles
Fluoboric acid
Fluorine gas
Fluorine gas, dry
Fluorine gas, wet
Fluoresilic acid
Fluorosilic acid
Formaldehyde
Formic acid
Formic acid
Fructose

Fruit pulps
Furfural

Furfuryl alcohol

Gallic acid
Gasoline, petrol
Gelatine

Concentration

100 %
40 %
96 %
100 %
100 %
35 %
100 %

100 %
100 %
100 %

100 %

Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol

100 %
100 %
100 %
Conc
40 %
40 %
40 %
98 t0 100 %
Sat.sol
Sol
100 %
100 %
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Chemical or product

Glucose
Glycerine
Glycerol
Glycolic acid
Glycolic acid

n-Heptane
Hexachlorobenzene
Hexachlorophene
Hexamethylenetriamine
Hexane

Hexanol, tertiary
Hydrobromic acid
Hydrobromic acid
Hydrochloric acid
Hydrochloric acid
Hydrochlorous acid
Hydrocyanic acid
Hydrocyanic acid
Hydrofluoric acid
Hydrofluoric acid
Hydrogen

Hydrogen chloride
Hydrogen peroxide
Hydrogen peroxide
Hydrogen sulphide gas
Hydroguinone
Hydroxylamine

Inks

lodine (in potassium sol)
lodine (in alcohol)

Iron (II) chioride

Iron (I1) sulphate

iron (111} chloride

Iron (lIl) nitrate

lron (l1l) sulphate

Iso octane

Isc pentane

Concentration

Sat.sol
100 %
100 %
30 %
Sol

100 %

40 %

50 %

Up to 100 %
Up to 36 %
Conc
Conc
10%
Sat.sol

40 %

60 %

100 %

Dry gas

30 %

90 %

100 %
Sat.sol
upto 12 %

Sat.sol
Sat.sol
Sat.sol
Sol

Sat.sol
100 %
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Chemical or product

Isopropanol
Isopropyl amine
Isopropyl ether

Kerosene

Lactic acid
Lactic acid
Lactic acid
Latex

Lead acetate
Lead acetate
Lead arsenate
Lubricating oil
Lysol

Magnesium carbonate
Magnesium chloride
Magnesium hydroxide
Magnesium nitrate
Magnesium sulphate
Maleic acid

Mercury

Mercury (1) nitrate
Mercury (I1) chloride
Mecury (I1) cyanide
Mercury

Methanol

Methy! alcohol
Methyl benzoic acid
Methyl bromide
Methyl chloride
Methylcyclohexane
Methyl ethyl ketone
Methylene chioride
Methoxybutanol

Milk

Milk of Magnesia
Mineral oils

10

Concentration

100 %

10 %
28 %
up to 100 %

Dil.sol
Sat.sol

Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol

Sol

Sat.sol
Sat.sol
100 %
100 %
100 %
Sat.sol
100 %
100 %

100 %

100 %
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Chemical or product

Molasses
Motor oil

Naphtha
Naphtahalene
Nickel chloride
Nickel nitrate
Nickel sulphate
Nicotine
Nieotinic acid
Nitric acid
Nitric acid
Nitric acid
Nitric acid
Nitric acid
Nitrobenzene
Nitroethane
Nitromethane
Nitrotoluene

n-Octane

Octyl alcohol

Qil and fats

Qleic acid

Oleum (H2S04 + 10 % SO3)
Oleum (H2S04 + 50 % SO3)
Olive oil

Orthophospheric acid
Orthophospheric acid

Oxalic acid

Oxygen

Ozone

Paraffin oil
n-Pentane
Pentane-2
Perchloric acid
Perchloric acid
Perchicric acid

Concentration

Work.conc

Sat.sol
Sat.sol
Sat.sol
Dil.sol
Dil.sol
25 %
50 %
70 %
95 %
100 %
100 %
100 %
100 %

100 %

50 %
95 %
Sat.sol
100 %
100 %

20 %
50 %
70 %
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Chemical or product

Perchloroethylene

Phenol

Phosphine

Phosphoric acid

Phosphoric acid

Phosphoric (1) chloride
Phosphorous (l1} chloride
Phosphorous pentoxide
Phosphorous trichloride
Photographic solutions

Phtalic acid

Picric acid

Plating solutions

Potassium acetate

Potassium aluminium sulphate
Potassium benzoate
Potassium bicarbonate
Potassium borate

Potassium bromate
Potassium bromide

Potassium carbonate
Potassium chlorate

Potassium chloride

Potassium chromate
Potassium cyanide

Potassium dichromate
Potassium fluoride

Potassium hexacyanoferrate (II)
Potassium hexacyanoferrate (l1)
Potassium hexafluorosilicate
Potassium hydrogen carbonate
Potassium hydrogen sulphate
Potassium hydrogen sulphide
Potassium hydroxide
Potassium hydroxide
Potassium hypochlorite
Potassium iodate

Potassium iodide

Potassium nitrate

12

Concentration

Sol

100 %
up to 25 %
25t0 50 %
100 %
100 %
100 %
100 %

50 %
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol

10 %
Sol
Sol

10 %
Sat.sol
Sat.sol
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Chemical or product

Potassium orthophosphate
Potassium oxalate
Potassium perchlorate
Potassium permanganate
Potassium persulphate
Potassium phosphate
Potassium sulphate
Potassium sulphide
Potassium sulphite
Potassium thiocyanate
Potassium thiosulphate
Propargul alcohol
n-Propyl alcohol
Propionic acid

Propionic acid

Propylene dichloride
Propylene glycol

Pyridine

Quinol (hydroguinone)
Resorcinol

Salicylic acid

Sea water

Selenic acid

Silicon oil

Silver acetate
Silver cyanide
Silver nitrate

Soap solution
Sodium acetate
Sodium antimonate
Sodium arsenite
Sodium benzoate
Sodium bicarbonate
Sodium bisulphate
Sodium bisulphite
Sodium borate
Sodium bromide
Sodium carbonate

Concentration

Sat.sol
Sat.sol
Sat.sol
20 %
Sat.sol
Sat.sol
Sat.sol
Sol
Sat.sol
Sat.sol
Sat.sol

50 %
100 %
100 %

100 %
Sat.sol
Sat.sol

Sat.sol

Sat.sol
Sat.sol
Sat.sol
100 %
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol

Sat.sol
Sat.sol
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Chemical or product

Sodium chlorate

Sodium chloride

Sodium chlorite

Sodium cyanide

Sodium dichromate

Sodium fluoride

Sodium hexacyanoferrate (l1f)
Sodium hexacyanoferrate (I}
Sodium hexafluorosilicate
Sodium hydrogen carbonate
Sodium hydrogen sulphate
Sodium hydrogen sulphite
Sodium hydroxide

Sodium hydroxide

Sodium hypochloride
Sodium hypochlorite

Sodium iodate
Sodium iodide
Sodium nitrate
Sodium nitrite
Sodium ortophosphate
Sodium oxalate
Sodium phosphate
Sodium silicate
Sodium sulphate
Saodium sulphide
Sodium sulphite
Sodium thiocyanate
Stannic chloride
Stannous chloride
Starch solution
Stearic acid
Styrene

Sulphur dioxide, dry
Sulphur trioxide
Sulphur acid
Sulphuric acid
Sulphuric acid

14

Concentration

Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.col
Sat.sol
Sat.sol
Sat.sol
Sol

40 %
Sol

15 %
available Cl
10 %
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sat.sol
Sol
100 %
100 %
10 to 50 %
10 %
50 %
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Chemical or product

Sulphuric acid
Sulphuric acid
Sulphuric acid
Sulphuric acid
Sulphurous acid
Sulphurous acid

Tallow

Tannic acid

Tartaric acid

Tartaric acid
Tetrachloroethylene
Tetrachloromethane
Tetradecane
Tetrahydrofuran
Tetrahydronaphthalene
Thiony! chloride

Tin (I1} chloride

Tin (IV) chloride

Tin (IV) chloride
Titanium tetrachloride
Toluene
Tribromomethane
Trichloroacetaldehyde
Trichlorobenzene
Trichloroethylene
Triethanolamine
Triethanolamine
Triethylene glycol
Trisodium phosphate
Turpentine

Urea
Urea
Urine

Vanilla extract
Vaseline
Vegetables oils
Vinegar

Water

Wetting agents
Wines and spirits

Chemical or product

Concentration

70 %
80 %
98 %
Fuming
30%
Sol

Sol
Sat.sol
Sol
100 %
100 %

100 %
100 %
Sat.sol
Sol

Sat.sol
Sat.sol
100 %

100 %
100 %
Sol

Sat.sol

up to 30 %
Sol

Concentration
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Xylene
Yeast

Zinc bromide
Zinc carbonate
Zinc chloride
Zinc oxide
Zinc stearate
Zinc sulphate
o-Zylene
p-Zylene

16

100 %
Sol

Sat.sol
Sat.sol
Sat.sol
Sat.sol

Sat.sol
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HIGH DENSITY POLYETHYLENE (HDPE) GEOMEMBRANE

Over the past five years, the geomembrane industry has experienced numerous changes.
Factors such as the increased concern for the environment; mew products in the
marketplace; and the push for tighter governmental control over the environment have all
played a significant role in revolutionizing the geosynthetic industry.

Today, the most widely used geomembrane in the waste management industry is High
Density Polyethylene (HDPE). HDPE offers superior performance by maintaining the
highest standards of durability.

FEATURES AND BENEFITS

National Seal Company’s HDPE geomembrane is manufactured on a computer controlled,
flat sheet extruder using virgin, first quality, high molecular weight polyethylene, This
process guarantees z material thickness of £5% from target, the most stringent quality
control available in the industry. NSC also guarantees the minimum average thickoess of
our liner will be greater than or equal to the nominal thickness. HDPE is available in 40

(1.0mm), 50 (1.25mm), 60 (1.5mm), 80 (2.0mm), and 100 (2.5mm) mil thicknesses.

Chexm@ Resistance - Often the chemical resistance of the liner is the mast critical aspect

of the design process. HDPE is the most chemically resistant of all geomembranes Typical
landfill leachates pose no threat to 2 liner made of HDPE.

Low Permeability - The low permeability of HDPE provides assurance that groundwater

will not penetrate the liner; rainwater will not infiltrate a cap; and methane gas will not
migrate away from the gas venting system.

Ultraviolet Resistance - HDPE has excellent resistance to ultraviolet degradation.- NSC
adds carbon black which provides UV protection. Plasticizers are never used in NSCs

geomembranes so there is never a concern about volatilization of the plasticizer which can
be caused by UV exposure.

APPLICATIONS:
Landfill (primary and secondary containment) Retention ponds for mining applications
Landfill caps Wastewater treatment facilities
Lagoon liners Potable water reservoirs
Pond liners Tank linings
Floating covers Canal linings
Secondary containment for above ground Heap leach pads

storage tanks



HDPE GEOMEMERANE
PHYSICAL PROPERTIES

60 mil

The properties on this page are not part of NSC's Manufacturing Quality Control program and are nat included on

the material certifications, Seam testing is the responsibility of the installer and/or CQA personnel.

PROPERTIES METHQD UNITS MINIMUM' TYPICAL
Multi-Axial Tensile Elongation GARIl, GM4 percant 20.0 28.0
Critical Cone Height GRI, GM-3, NSC mod. cm 1.0 1.5
Wide Width Tensile ASTM D 4885

Stress at Yield psi 2000 2110

Strain at Yield % 15.0 20.0
Brittleness Temp. by Impact® ASTM D 746 °C 75 <-80
Coef. of Linear Thermal Exp.* ASTM D 696 °C’ 1.5 x 107 1.2x 10°
ESCR, Bent Strip ASTM D 1693 hours 1500 >10,000
Hydrostatic Resistance ASTM D 751 psi 450 510
Modulus of Elasticity ASTM D 838 pst 80,000 135,000
Ozone Resistance ASTM D 1148, 168 hrs P/F P P
Permeability* ASTM E 96 cm/sec* Pa 2.3x10™ 8.1 x 10™
Puncture Resistance FTMS 101, method 2085 ppi 1300 1700

lbs 78 105
Soil Burial Resistance® ASTM D 3083, NSF mod. % change 10 a
Tenslle Impact ASTM D 1822 _ ftlbs/in? 250 420
Volatile Loss® ASTM D 1203, A percent 0.10 0.06
Water Absorption® ASTM D 570, 23°C percent 0.10 0.04
Water Vapar Transmission® . ASTME g6 .g/day" m® 0.024 - 0.009

SEAM PROPERTIES METHOD UNITS MINIMUM? TYPICAL
Shear Strength ASTM D 4437, NSF mod. psi 2000 2700

ppi 120 166
Peel Strength ASTM D 4437, NSF mod. psi 1500 1870

(hot wedge fusion) ppi 90 115
Peel Strength E . ASTM D 4437, NSF mod. psi 1300 1580

(fillet extrusion) ¢ ppi 78 o8

. STANDARD ROLL DIMENSIONS
Length 1110 feet Area 16,650 f2
Width 15 feet Weight 5,000 Ibs

This Information contalned herzin has been compiled by National Seal Company and is, to the best of our knowledge, true and accurzte. All
suggestions and recommendations are offered without guarantze. Final determination of sultability for use based on any Information provided,
Is the sole responsibility of the user, There is no implied or expressed warranty of merchantability of fitness of the product for the conternplated

NSC resarves the right to update the information contained herein in accordance with technological advances in the material praperties.




HDPE GECMEMERANE
QUALITY CONTROL SPECIFICATIONS

60 mil

National Seal Company’s High Density Polyethylene (HDPE) Geomembranes are produced from virgin, first quality,
high molecular weight resins and are manufactured specifically for containment in hydraulic structures. NSC HDFE

geomembranes have been formulated to be chemically resistant, free of leachable additives and resistant ta ultraviolet
degradation,

The following properties are tested as a part of NSC's quality control program. Certified test results for properties on
this page are available upon request. Refer to NSC's Quality Control Manual for exact test methods and frequencies

Ali properties meet or exceed NSF Standard Number 54.

RESIN PROPERTIES METHOD UNITS MINIMUM' TYPICAL
Melt Flow Indey? ASTM D 1238 g/10 min 0.5 0.25
Oxidative Induction Time ASTM D 3825, minutes 100 120

Al pan, 200°C, 1 atm O,

SHEET PROPERTIES METHQD UNITS MINIMUM' TYPICAL
Thickness ASTM D 751, NSF mod. - a4

Average mils 60.0 61.5

tndividual mils 57.0 59.7
Density ASTM D 1505 g/cm® 0.240 0.948
Carbon Black Content ASTM D 1603 percent 2.0-3.0 2.35
Carbon Black Dispersion ASTM D 3015, NSF mod. rating A1, A2, B1 Al
Tensile Properties ~ ASTM D 638

Stress at Yield psi 2200 2550

ppi 132 157

Stress at Break psi 3800 4850

ppi 228 298

Strain at Yield 1.3" gage langth (NSF) percent 13.0 16.9
Strain at Break 2.0" gage or extensometer percent 700 890
2.5" gage length (NSF) percent 560 710

Dimensional Stability” ASTM D 1204, NSF mod. percent 1.5 0.4
Tear Resistance ASTM D 1004 ppi 750 860
Ibs 45 53

Puncture Resistance ASTM D 4833 ppi 1800 2130
los 108 131

Constant Load ESCR, Single Point GRI, GM-5a hours 200 >400

' This value represents the minimum acceptable test value for a roll as tested according to NSC's Manufacturing
Quality Control Manual. Individual test specimen values are not addressed in this specification except thickness.

2

Indicates Maximum Value

. NATIONAL SEAL COMPANY
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| Final Inspection |

How long will my liner last?

| What is the remaining service life of my HDPE geomembrane?

By lan D. Peggs, PE., PEng., Ph.D.

Introduction

n his keynote lecture at the GeoAmericas-2008 conference

last March, Dr. Robert Koerner (et al., 2008) of the Geo-
synthetic Institute (GSI) reported the ongoing Geosynthetic
Research Institute (GRI) work to make the first real stab at as-
sessing the service lives of high-density polyethylene (HDPE),
linear low-density polyethylene (LLDPE), reinforced PE,
ethylene propylene diene terpolymer (EPDM), and flexible
polypropylene (fPP) exposed geomembranes.

The selected environment simulated that of Texas, USA, in
sunny ambient temperatures between ~7°C (45°F) and 35°C
(95°F). Of course, an exposed black HDPE geomembrane in
the sun will achieve much higher temperatures, probably in
excess of 80°C (176°F).

I do not know what the temperature would be at 150-300mm
above the liner (for those still specifying this parameter), but
it is quite immaterial. The only temperature of concern is the
actual geomembrane temperature.

The lifetimes are shown in Table 1, but it must be recog-
nized that these data are for specific manufactured products
with specific formulations. The “greater than” notation indicates
that laboratory exposures (incubations) are still on-going, not

Specification

that some samples have failed after the indicated time period.
The PE-R-1 material is a thin LLDPE, so it might be expected
to be the first to reach the defined end of life; the half-life—the
time to loss of 50% of uniaxial tensile properties.

It is interesting to note that HDPE-1 and LLDPE-1 are
proceeding apace, but it would be expected that the LLDPE-1
would reach its half-life earlier than HDPE-1. However, this
does not automatically follow. With adequate additive formula-
tions, perhaps LLDPE could be left exposed and demonstrate
more weathering resistance than some HDPEs. This dem-
onstrates the fact that all PEs, whether HD or LLD, are not
identical—they can have different long-term performances
dependent on the PE resin used and the formulation of the sta-
bilizer package. However, such differences are not evident in the
conventional mechanical properties such as tensile strength/
e]ongation, plmcture and tear resistances, and so on.

The two fPPs are performing well. However, there had also
been an fPP-1, one of the first PP geomembranes that did not
perform well. This was due to a totally inappropriate stabilizer
formulation. That particular product lasted 1.5 years in service. In

Final Inspection continued on page 44

Predicted Lifetime in Texas, USA

HDPE-1 GRI-GM13 >28 years (Incubation ongoing)

LLDPEE-1 GRI-GM17 >28 years (Incubation ongoing)
EPDM-1 GRI-GM21 >20 years (Incubation ongoing)
PE-R-1 GRI-GM22 =17 years (reached halflife)
fPP-2 GRI-GM18 (temp. susp.) >27 years (Incubation ongoing)
fPP-3 GRI-GM18 (temp. susp.) >17 years (Incubation ongoing)

Table 1| Estimated exposed geomembrane lifetimes

| 1an Peggs is president of I-CORP International Inc. and is amember of Geosynthetics magazine's Editorial Advisory Committee,

QOctober November 2008
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Final Inspection continued from page 56

the QUV weatherometer, it lasted 1,800
light hours at 70°C (158°F). Therefore,
the lab/field correlation is that 1,000
QUYV light hours is equivalent to a
0.83yr service life under those specific
environmental conditions.

At another location in Texas, Ko-
erner/GRI found 1,000hr of QUV ex-
posure was equivalent to 1.1 year actual
field exposure. Consequently, for Texas
exposures GRI is using a correlation of
1000hr QUV exposure as equivalent to
Iyr of in-service exposure. Clearly, the
correlation would be different in less
sunny and colder environments.

The failed fPP-1 liner was replaced
with a correctly stabilized fPP that, sub-
sequently, performed well.

While estimated correlations might
be made for other locations using histori-
cal weather station sunshine and temper-
ature data, there is no question that the
best remaining lifetime assessments will
be obtained using samples removed from
the field installation of interest.

A lifetime in excess of 28yr, dem-
onstrated for a recently-made HDPE
geomembrane, is comparable to the pres-
ent actual service periods of as long as 30-
35yr. However, actual lifetimes of as low as
~15yr have also been experienced.

Do service lifetimes now exceeding
30yr mean that we might expect to see an-
other round of stress cracking failures as
exposed liners finally oxidize sufficiently
on the surface to initiate stress cracking?

This would be frustrating after re-
solving the early 1980s problems with
stress cracking failures at welds and stone
protrusions when the liners contracted at
low temperatures, but it is the way end-
of-life will become apparent. And will
that be soon or in another 5-20 years? It
would be useful to know.

Geosynthetics | October November 2008

So how can we evaluate the condi-
tion of our exposed liners in a simple
and practical manner to ensure they will
continue to provide adequate service
lifetimes and to get sufficient warning of
impending expiration?

For each installation, a baseline needs
to be established, and changes from that
baseline need to be monitored.

Aliner lifetime evaluation program

Rather than be taken by surprise when
a liner fails or simply expires, it should
be possible to monitor the condition of
the liner to obtain a few years of notice
for impending expiration. One can then
plan for a timely replacement without
the potential for accidental environmen-

... it should be possible to monitor the condition of the liner to obtain
a few years of notice forimpending expiration.

tal damage and undesirable publicity.
A program of periodic liner-condition
assessment is proposed.

For baseline data, it would be useful
to have some archive material to test, but
that is not usually available. Manufactur-
ers often discard retained samples after
about 5 years. Perhaps facility owners
should be encouraged to keep retained
samples at room temperature and out
of sunlight. The next best thing is to use
material from the anchor trench or else-
where that has not experienced extremes
in temperature and that has not been
exposed to UV radiation or to expansion/
contraction stresses.

Less satisfactory options are to use
the original NSF 54 specifications, the
manufacturer’s specifications, or the
GRI-GM 13 specifications at the appro-
priate time of liner manufacturing. The
concern with using these specifications is
that while aged material may meet them,
there is no indication of whether the
measured values have significantly de-
creased from the actual as-manufactured

values that generally significantly exceed
the specification.

A final option for the baseline would
be to use the values at the time of the first
liner assessment.

The first liner condition assessment
would consist of a site visit during which
a general visual examination would be
done together with a mechanical probing
of the edges of welds. A visual examina-
tion would include the black/gray shades
of different panels that might indicate
low carbon contents.

A closer examination should be done
using a loupe (small magnifier) on sus-
pect areas such as wrinkle peaks, the tops
and edges of multiple extrusion weld
beads, and the apex-down creases of
round die-manufactured sheet.

The last detail is significant because
the combination of oxidizing surface and
exposed surface tension when the liner
contracts at low temperatures and the
crease is pulled flat can be one of the first
locations to crack. The apex-up creases
do not fail at the same time because the
oxidized exposed surface is under com-
pression (or less tension) when the crease
is flattened out.

Appropriate samples for detailed lab-
oratory testing will be removed.

[t may be appropriate to do a water
lance electrical integrity survey on the
exposed sideslopes, but this would only
be effective on single liners, and on dou-
ble liners with a composite primary liner,
a conductive geomembrane, or a geo-
composite with a conductive geotextile
on top.

A sampling and testing regime
A liner lifetime evaluation program should
be simple, meaningful, and cost-effective.
While it will initially require expert
polymer materials science/engineering
input to analyze the test data and to de-
fine the critical parameters, it should
ultimately be possible to use an expert
system to automatically make predictions
using the input test data.
Small samples will be taken from deep
in the anchor trench and from appropriate
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Figure 1 | Standard stress rupture curves for five HDPE geomembranes

(Hsuan, et al. 1992)

1000 10000

le———— Messung —————<Exirapelation —=

N
- |

o= g °c

Brittle (no AO)

log. time tg

Figure 2 | Stress rupture curves showing third stage (Brittle no AQ)

oxidized limit. (Gaube, et al. 1985)

Figure 3 | Stress crack initiated by extruder die line at stone protrusion

exposed locations. Potential sites for future

sample removal by the facility owner for

future testing will be identified and marked

by the expert during the first site visit.
The baseline sample(s) will be tested

as follows:

« Single-point stress cracking resis-
tance (SCR) on a molded plaque by
ASTM D5397

Geosynthetics | October Movamber 2008

High-pressure oxidative induction
time (HP-OIT) by ASTM D5885
Fourier transform infrared spectros-
copy (FTIR-ATR) on upper surface
to determine carbonyl index (CI) on
nonarchive samples only

Oven aging/HP-OIT (GRI-GM13)
UV resistance/HP-OIT (GRI-
GM13)

The exposed samples will be tested
as follows:

« Carbon content (ASTM D1603)

« Carbon dispersion (ASTM D5596)

« Single-point SCR on molded plaque
(ASTM D5397)

« Light microscopy of exposed sur-
face, through-thickness cross sec-
tions, and thin microsections (~15
pm thick) as necessary

«  HP-OIT on 0.5-mm-thick exposed
surface layers from basic sheet and
from sheet at edge of extruded weld
bead (ASTM D5885), preferably at a
double-weld bead

« FTIR-ATR on exposed surface to
determine CI

+  Ovenaging/HP-OIT on 0.5mm sur-
face layer (GRI-GM13)

o UV resistance/HP-OIT on 0.5 mm
surface layer (GRI-GM13)

Carbon content is done to ensure
adequate basic UV protection. Carbon
dispersion is done to ensure uniform
surface UV protection and to evaluate
agglomerates that might act as initiation
sites for stress cracking.

HP-OIT is used to assess the remain-
ing amount of stabilizer additives, both in
the liner panels and in the sheet adjacent
to an extrusion weld. Most stress crack-
ing is observed at the edges of extrusion



weld beads in the lower sheet, so it is
important to monitor this location.

While standard OIT (ASTM D3895
at 200°C) better assesses the relevant sta-
bilizers effective at processing (melting)
and welding temperatures, the relevant
changes in effective stabilizer content dur-
ing continued service, including in the
weld zone, will be provided by measure-
ment of HP-OIT. There will be no future
high temperature transient where knowl-
edge of S-OIT will be useful. It is expected
that the liner adjacent to the weld bead
will be more deficient in stabilizer than
the panel itself. Therefore, S-OIT is not
considered in this program.

Note that HP-OIT is measured on
a thin surface layer because the surface
layer may be oxidized while the body of
the geomembrane may not. If material

| Final Inspection |

from the full thickness of the geomem-
brane is used it could show a significant
value of OIT, implying that there is still
stabilizer present and that oxidation is
far from occurring. However, the surface
layer could be fully oxidized with stress
cracks already initiated and propagating.
A crack will then propagate more easily
through unoxidized material than would
initiation and propagation occur in un-
oxidized material.

The fact that the HP-OIT meets a cer-
tain specification value in the as-manu-
factured condition provides no guarantee
that thermo- and photo-oxidation pro-
tection will be provided for a long time.
Stabilizers might be consumed quickly or
slowly while providing protection. They
may also be consumed quickly to begin
with, then more slowly, or vice versa.

www.geosyntheticsmagazine.info | Geosynthetics
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heat affected zone (HAZ)

weld bead
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microstructural interface

unoriented re-solidified
material

Figure 4 | Schematic of microstructure at extrusion weld

Hence, the need for continuing oven
(thermal) aging and UV resistance tests.
These two parameters, assessed by mea-
suring retained HP- OIT, are critical to
the assessment of remaining service life.

Oven (thermal) aging end UV resis-
tance tests performed in this program
will provide an extremely valuable data
base that relates laboratory testing to
in-service performance and that will fur-
ther aid in more accurately projecting
in-service performance from laboratory
testing results.

Special considerations

Because we do not know, by OIT mea-
surements alone, whether the surface
layer is or is not oxidized (unless OIT is
zero), and since we do not yet know at
what level of OIT loss there might be an
oxidized surface layer (the database has
not yet been generated), FTIR directly
on the surface of the geomembrane is
performed using the attenuated total
reflectance (ATR) technique to deny or
confirm the presence of oxidation prod-
ucts (carbonyl groups).

Following the practice of Broutman,
etal. (1989) and Duvall (2002) on HDPE
pipes, if the ratio of the carbonyl peak at
wave number 1760 cm-1 and the C-H
stretching (PE) peak at wave number
1410 cm -1 is more than 0.10, there is a
sufficiently oxidized surface layer that

October November 2008

stress cracking might be initiated. For
those familiar with the two slope stress
rupture curve (Figure 1) where the brittle
stress cracking region is the steeper seg-
ment below the knee, thereis a third ver-
tical part of the curve (Figure 2) where
the material is fully oxidized and fracture
occurs at the slightest stress. This is what
will happen at the end of service life.
But first note the times to initiation of
stress cracking (the knees in the curves)
in Figure 1—they range from ~10/hr to

I A iy W e A N AN I et T

~5,000/hr—clearly confirming that all
HDPEs are not the same. Some are far
more durable than others.

At the end of service life, at some
level of OIT, there will be a critically oxi-
dized surface layer that when stressed,
such as at low temperatures by an up-
wards protruding stone, or by flexing
due to wind uplift, will initiate a stress
crack on the surface that will propagate
downward through the geomembrane, as
shown by the crack in Figure 3.

This crack, initiated at a stress concen-
trating surface die mark, occurred when
the liner contracted at low temperatures,
and tightened over an upwardly protrud-
ing stone. The straight morphology of the
crack, and the ductile break at the bot-
tom surface as the stress in the remaining
ligament rose above the knee in the stress
rupture curve, are typical of a stress crack.
Note the shorter stress cracks initiated
along other nearby die marks.

Stress cracks are preferentially initi-
ated along the edges of welds because
the adjacent geomembrane has been
more depleted of stabilizers during the
high temperature welding process. Thus,
under further oxidizing service condi-
tions, it will become the first location to

S Dead
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Figure 5 | Typical off-normal angle of precursor crazes (left) and stress crack (right) at edge of

extrusion weld.



Side wall exposed

Side wall concrete side

Lower launder exposed

Lower launder concrete side

Specification

54

81

145

Table 2 | S-OIT values on solution and concrete liner surfaces (Peggs, 2008).

be oxidized to the critical level at which
stress cracks will be initiated under any
applied stress. In addition, the geometri-
cal notches at grinding gouges and at the
edges of the bead increase local stresses
to critical levels for SC to occur.

[ also believe that an internal micro-
structural flaw exists between the origi-
nally oriented geomembrane structure
and the pool of more isotropic melted
and resolidified material at the edge of
the weld zone, as shown schematically in
Figure 4. Most stress cracks occur at an
off-normal angle at the edge of the weld
bead that may be related to the angle of
this molten-pool to oriented-structure
interface (Figure 5). It is also known that
stress increases the extraction of stabiliz-
ers from polyolefin materials.

With all of these agencies acting syn-
ergistically, it is not surprising that stress
cracking often first occurs adjacent to
extrusion welds. '

Looking ahead
With the first field assessment test results
available to us, and the extent of changes
from the baseline sample known, removal
of a second set of samples by the facility
owner (at locations previously identified
and marked by the initial surveyor), will
be planned for a future time, probably in
2 or 3 years.

Why 2 or 3 years? In an extreme chem-
ical environment, extensive reductions in

S-OIT of studded HDPE concrete pro-
tection liners in mine solvent extraction
facilities using kerosene/aromatic hydro-
carbon/sulfuric acid process solutions at
55°C (131°F) have been observed on the
solution and concrete sides of the liner
(Table 2) within 1 year (Peggs 2008). But
it is unlikely that such rapid decreases will
be observed in air-exposed material.

With this second set of field samples,
and with three sets of data points, practi-
cally reliable extrapolations of remaining
lifetime can start to be made.

It is expected that a few years of notice
for impending failures will be possible.

The key point to note in making these
condition assessments is that, while all
HDPE geomembranes have very similar
conventional index properties, they can
have widely variable photo-oxidation,
thermal-oxidation, and stress-cracking
resistances. Therefore, some HDPEs are
more durable than others.

Thus, while one HDPE geomembrane
manufactured in 1990 failed after 15 years
in 2005, another HDPE geomembrane
made in 1990 from a different HDPE
resin (or more correctly a medium-den-
sity polyethylene [MDPE] resin), and
with a better stabilizer additive package,
could still have a remaining lifetime of 5,
20, or 30 years.

So, keep a close eye on those exposed
liners and we'll learn a great deal more
about liner performance and get notice of

| Final Inspection |

Predicted Lifetime in Texas, USA

n

the end of service lifetime. And if owners
can retain some archive material from
new installations, so much the better.
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Technical
Note No. 7

Chemical Resistance of Amoco Polypropylene Geotextiles

Amoco woven and honwoven geotextiles are
manufactured from polypropylene with ultra violet
stabilizing additives. The excellent chemical resis-
tance of Amoco palypropylene geotextiles is one
of the qualities which has established Amoco as a
leading producer of geotextiles for use in the
waste containment industry. This technical note
addresses the chemical resistance of polypropy-
lene with a focus on recent testing programs
which have clearly demonstrated the durability of
Amoca fabrics in a variety of chemical environ-
ments.

Are polypropylene geotextiles durable in the
chemical environment of landfill leachates?

Yes, Of the palymers used to manufacture geotex-
tiles, polypropylene exhibits the greatest resis-
tance to chemical attack. In fact, polypropylene is
the polymer of choice for such commonly used
products as landfill liners, synthetic grass for ath-
letic fields, outdoor carpeting, battery cases,
bleach bottles, antifreeze jugs, washing machine
agitators, and thousands of other commonly used
items that are routinely exposed to chemical envi-
ronments. Polypropylene is stable within a pH
range of 2 to 13, making one of the most stable
polymers,

Polypropylene geotextiles have been found to be
durable in a wide range of chemical environments
(Bell, et. al,, 1980; Haxo, 1978, 1983; Pucetas, et.al,,
1991; Tisinger, et. al,, 1989). Research has found
both woven and nonwoven polypropylene geotex-
tiles to be non-biodegradable and resistant to
commonly encountered soil-bound chemicals,
landfill achates, mildew, and insects.

How is the chemical resistance of polypropylene
geatextiles determined?

Numerous laboratory test programs have subject-
ed polypropylene to severe chemical environ-

ments such as solutions of organic solvents, oils,
organic acids, and inorganic acids. The laboratory
tests are generally performed in accordance with
ASTM D 543, "Standard Test Method for
Resistance of Plastics to Chemical Reagents.”
These test programs have found polypropyiene to
exhibit superb chemical resistance.

In the ASTM D 543 procedure, the specimens are
immersed in a concentrated chemical solution at
a specified temperature for a specified exposure
period. This test method exposes the polypropy-
lene to etremely harsh conditions which are con-
siderably more severe than those encountered in
most civil engineering applications.

The chemical compatibility of geotextiles with
leachates is determined by EPA Test Method 9090
(EPA 9090), "Compatibility Test for Wastes and
Membrane Liners." This was the laboratory
method used in the Amoco geotextile test pro-
grams reported in this technical note, Geotextile
samples are immersed in a constant temperature
leachate bath for four months, At the end of each
month samples of the fabric are removed and sub-
Jjected to physical testing. Changes in properties
may indicate chemically imposed degradation.

Have Amoco geotextiles been proven to be
chemically resistant?

Four laboratory testing programs have been per-
formed to evaluate the chemical compatibility of
Amaco geotextiles with landfill leachates, The
tests exposed both Amoco woven and nonwaven

products to hazardous and municipal waste
leachates.

In all testing programs there was no indication of
geotextile degradation due to exposure to landfill
leachates. The test results are summarized in the
remainder of this technical note.



Hazardous waste leachate

A laboratory testing program was performed In
1989 to evaluate the chemical compatibility of
Amoco geotextiles with a hazardous waste
leachate, The program included EPA 9090 testing
of 4 pz/yd® and 8 oz/yd® nonwaven specimens.
The testing exposed the geotextiles to leachate
in both the laboratory and in a leachate collec-
tion sump at a hazardous waste landfill,

Test evaluation incorporated detailed
microstructural analyses which are not typically
incorporated into chemical resistance testing
programs. Methods included differential scan-
ning calorimetry, thermal gravimetric analysis,
and infrared spectrophotometry. These analyses
were performed to identify any changes in the
microstructure of the geotextile due to immer-
sion in the leachate,

The results of this testing program found the
geotextile microstructure remained intact,
stable, and unchanged (Tisinger, et. al., 1989).

Municipal waste leachate

The chemical resistance of Amoco geotextiles to
municipal solid waste leachate was evaluated in
three laboratory testing programs. The first pro-
gram, completed in 1990, included EPA 9090 test-
ing of 16 oz/yd* nonwoven geotextile specimens.
The second test program, performed in 1992,
tested specimens of 8 oz/yd® nonwoven geotex-
tile. The third program, completed in 1993, evalu-
ated the chemical resistance of a high strength
waven geotextile, The testing programs evaluat-
ed changes in physical properties of the speci-
mens, including specimen dimensions, thick-
ness, grab tensile strength and elongation, punc-
ture resistance, burst strength, and tear
strength. In all cases there were no measurable
changes in physical properties of the specimens
after exposure to the leachate,

Miia This techracal nal = belneved (0 be an accurate fep ion al

Are the results of these tests applicable to
Amoco geotextiles which have not been
similarly tested?

Yes, All Amoco geotextiles are equally resistant
to chemical degradation because they are all
manufactured using the same polymer and
additives. This conclusion is supported by the
test results, which demonstrated no difference
in chemical resistance far different types of
Amoca geotextiles. The information in this
technical note, therefare, is considered ta be
applicable to all Amoco geotextiles regardless
of weight, thickness, or strength.
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Note No. 14
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Geotextile Polymers for Waste Applications

What types of polymers are used to
manufacture geotextiles?

Virtually all geotextile fibers are made from
either polypropylene or polyester polymers.

Are these polymers used in a 100% pure form?

The manufacture of geosynthetics usually
includes the addition of stabilizers and other
additives that are blended with the base
polymer. The additives constitute a minor
fraction of the polymer mixture.

Additives are used primarily to counteract the
effects of oxidation, to which many synthetic
polymers are sensitive. Oxidation can cause a
reduction in material properties such as
strength and elasticity. The main sources of
oxidation are heat/temperature (thermal
oxidation) and ultra violet (UV) radiation from
sunlight (photo-oxidation). Manufacturers of
geosynthetics add a variety of proprietary
additives during production to make the
polymers more stable againstthermal and UV

degradation (see Amoco Technical Note No. 9).

Should the designer specify polypropylene or
polyester for geotextiles to be used in waste
applications?

The type of polymer used in the fabrication of
the geotextile is not a relevant design
parameter. The specifications should be
developed to focus on the required physical
properties of the geotextile relative to strength,
hydraulic performance, and chemical
compatibility and durability. These elements
are addressed in detail in the Amoco Waste-
Related Geotextile Guide Specifications.

Does the type of base polymer affect the
chemical resistance of geotextiles used in
landfills?

Geotextiles in landfills are exposed to
leachates, which are generally dilute solutions
of chemicals. The geotextile must be resistant
to degrading in this chemical environment.
Chemical resistance of geotextiles to
leachates is evaluated in the laboratory using
EPA Test Method 9090 (EPA 9090). The results of
such testing on polypropylene and polyester
have proved both polymers to be relatively inert
and durable in various chemical environments
of hazardous and nonhazardous waste landfills
(refer to Amoco Technical Note No. 7).

Of the polymers used to manufacture
geotextiles, polypropylene exhibits the greatest
resistance to chemical attack. Polypropylene is
inert to most chemicals except for some highly
concentrated solvents. Geotextiles are not
expected to be exposed to such solventsin
waste applications, where the associated
leachates typically contain only trace to very
low concentrations of solvent constituents.

Polyester exhibits comparable chemical
compatibility. However, unlike polypropylene,
polyester is subject to hydrolysis in agueous
environments such as landfill leachates.
Hydrolysis is a process in which water-based
solvents or water alone causes the polymer
chains to break. This can result in a reduction
inthe mechanical properties of the polymer.
Despite this characteristic, the results of EPA
9090 testing on polyester do not show an
impact from hydrolysis.



What effect does polymer type have on the UV
resistance of geotextiles used in landfills?

There are only slight differences in the UV
stability of various geotextile polymers. From a
construction perspective, these differences
have no impact on the selection of geotextiles
for landfill applications. Regardless of the
polymer type, itis important to limit exposure of
the geotextile to potentially damaging UV
radiation.

In landfill applications, geotextiles are usually
covered by soil layers and waste soon after
construction. Their exposure to UV radiation
therefore generally occurs only during
construction. Regardless of polymer type,
exposure of the fabrics to sunlight during
installation should be limited in accordance
with the project specifications (see Amoco
Waste-Related Geotextile Guide
Specifications).

On some landfill side slopes, the geotextile
might be left exposed for an extended time
before being covered with soil. In these cases,
the geotextile must be protected from UV
radiation by alternative methods, regardless of
whether the fabric is manufactured of

polypropylene or polyester. Alternatives include

covering the geotextile with a sacrificial
geotextile layer or opaque plastic sheet. The
sacrificial layer would be removed prior to
placing soil cover.

Has the performance of Amoco geotexiiles in
landfill applications been verified?

Yes. In fact, the excellent chemical resistance
of Amoco polypropylene geotextiles is one of
the qualities that has established Amoco as a
leading supplier of fabrics to the waste
containment industry.

Laboratory testing programs have been
performed specifically to evaluate the chemical
compatibility of Amoco polypropylene
geotextiles with landfill leachates. In all test
cases there were no measurable changesin
the physical properties of the Amoco
geotextiles after exposure to leachates. Also,
unlike polyester, polypropylene does not
undergo hydrolysis. Amoco Technical Note No.
7 provides detailed information regarding the
chemical compatibility test conditions,
procedures, and results.
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GSE TenDrain 275 mil Geocomposite

GSE TenDrain geocomposite consists of a 275 mil thick GSE TenDrain geonet heat-

laminated on one or both sides with a GSE nonwoven needle-punched geotextile.

TenDrain 275 is comprised of a tri-planar structure consisting of middle ribs that provide
direct channelized flow, with diagonally placed top and bottom ribs. The geotextile is

available in mass per unit area range of 6 0z/yd? to 16 oz/yd?. TenDrain 275 geocomposite

provides high transmissivity under high and low loads.

Product Specifications

PRODUCT DATA SHEET

(]

AT THE CORE:

A 275 mil thick TenDrain
geonet heat-laminated on
one or both sides with a
nonwoven needlepunched
geotextile.

Tested Property Test Method m Minimum Average Roll Value®™

Geocomposite

Transmissivity®, gal/min/ft, (m2/sec)
Double-Sided Composite

Ply Adhesion, Ib/in

Geonet Core®™® - GSE TenDrain
Geonet Core Thickness, mi
Density, g/cm?

Tensile Strength (MD), Ib/in
Carbon Black Content, %
Creep Reduction Factor®
Compressive Strength, psf
Geotextile®

Mass per Unit Area, oz/yd?
Grab Tensile Strength, b
Grab Elongation

CBR Puncture Strength, Ib
Trapezoidal Tear Strength, lb
AOS, US sieve®, (mm)
Permittivity, sec”

Water Flow Rate, gpm/ft2

UV Resistance, % retained

Roll Width, ft

Roll Length, ft

Roll Area, ft?

NOTES:

ASTM D 4716

ASTM D 7005

ASTM D 5199
ASTM D 1505
ASTM D 7179
ASTM D 4218
GRI-GC8

ASTM D 6364

ASTM D 5261
ASTM D 4632
ASTM D 4632
ASTM D 6241
ASTM D 4533
ASTM D 4751
ASTM D 4491
ASTM D 4491

ASTM D 4355
(after 500 hours)

1/540,000 ft?

1/50,000 ft?

1/50,000 ft?
1/50,000 ft?
1/50,000 ft?
1/50,000 ft?
per formulation

1/540,000 ft?

1/90,000 ft?
1/90,000 ft?
1/90,000 ft2
1/90,000 ft?
1/90,000 ft2
1/540,000 ft2
1/540,000 ft2
1/540,000 ft2

per formulation

NOMINAL ROLL DIMENSIONS®

Double-Sided Composite

Double-Sided Composite

6 oz/yd?

24.2 (5x10%)

0.5

275
0.94

75

2.0

12
60,000

160

50%

435

65

70 (0.212)
15

1o

70

12.75
200

2,550

8 oz/yd?

24.2 (5x10%)

0.5

275
0.94

75

20

12
60,000

220

50%

575

90

80 (0.180)
13

95

70

12.75
200

2,550

« WAl geotextile properties are minimum average roll values except AOS which is maximum average roll value and UV resistance is
typical value. Geonet core thickness is minimum average value.

1 hour.

@ Component properties prior to lamination.
“10,000 hour creep test under 10,000 psf at 70°F temperature.
® Roll widths and lengths have a tolerance of +1%.

GSE is a leading manufacturer and marketer of geosynthetic lining products and services. We’ve
built a reputation of reliability through our dedication to providing consistency of product, price

and protection to our global customers.

Our commitment to innovation, our focus on quality and our industry expertise allow
us the flexibility to collaborate with our clients to develop a custom, purpose-fit solution.

For more information on this product and others, please visit us at
[ m"un"'"v n“Ns nEEP ] GSEworld.com, call 800.435.2008 or contact your local sales office.

@ Gradient of 0.02, normal load of 7,000 psf, boundary condition: plate/sand/geocomposite/geomembrane/plate, water at 70°F for

ENVIRONMENTAL™

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.
Specifications subject to change without notice. GSE and other trademarks in this document are registered trademarks of GSE Environmental, LLC in the United States and certain

foreign countries. REV 240CT2013
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EVALUATION ON STRESS CRACKING RESISTANCES OF VARIOUS HDPE
DRAINAGE GEONETS

M.S. Mok', E. Blond®, J. Mlynarek” and H. Y. Jeon®

ABSTRACT: Specimens from each geonet were placed under various compressive loads in a vessel containing a
solution of 10% surface-active agent and 90% water at a temperature of 30°C. Then the surface morphology study of
the specimen was performed after 300 hours test duration. The results show that all of these geonets did not appear any
kind of stress cracking in the condition of 400 kPa, which is a typical landfill’s loading condition. However, in the case
of bi-planar geonet there were some deposits on the surface of geonet’s strand and it is expected that this phenomena is
due to the results of chemical clogging, On the other hand, in the case of the tn-planar and circular type bi-planar geonets,
it maintamed very clean flow channels until the end of the test. For high normal pressure some environmental stress
cracks were detected for the eircular type bi-planar geonet. The results show that the resistance to the environmental

stress cracking is related to its polymer density, crystallinity and also rigidity not its mechanical properties.

KEYWORDS: geonet, compressive loads, surface morphology, siress cracking, chemical clogging, flow channels

INTRODUCTION

Land filling, by all indications, will continue to be
the predominant method of solid waste disposal. As the
use of high density polyethylene (HDPE) geonets
increase in landfill applications, it is required 1o evaluate
their long-term properties in several chemical conditions,
(Ward and Brown 1990; Carlson 1993)

Typically, the high crystallinity  of  polvethylene
geoncts provides an excellent chemical resistance 1o
harsh chemical leachate, however can be problematic
with regard to environmental stress cracking. (Qian and
Brown 1993; Thomas 1998) Under low stresses in the
circumstance of room temperature polyethylenes will
fracture by slow crack growth. This mode of failure
limits the lifetime of polyethylenes used in critical
applications as drainage materials, lining under landfills,
i Lagaron, Pastor, Kip 1999; Bobsein 1999)

Geomembranes and geonets are used as a barrier and
drainage component in this system, respectively. With
addition of carbon black which is an anti-oxidation
material HDPE geomembranes and geonets are normally
used in hazardous landfill system as a barrier and
drainage respectively,

Many rescarchers and a lot of work about environ-
mental stress eracking resistance for the geomembranes
were done and many  beneficial reports have already

been published, (Peges and Kannien 1995; Thomas and
Deschepper 1993) However a few rescarch resulis on the
environmental stress cracking resistance for the geonet
drainage material were performed. Therefore, in this
study the resistance o environmental stress cracking
(ESCR) was examined mainly in morphological issues
for various geonets (bi-planar, tri-planar and circular
type of bi-planar geonet) under condition of various
normal pressures,

SPECIMEN & TEST METHODS

Total three types of geonets were test in this study.
Sample A has 5.6 mm mean value of thickness and two
layers which means bi-planar geonet. The cross sectional
shape of strand of Sample A is more likely o a square,
Sample B has average of 5.6 mm thickness and has 3
layers (tri-planar). Sample C is also bi-planar geonet
however has circular type cross sectional shape and
thicker than sample A. The raw material of all these
samples is high density polyethylene (HDPE). Typical
specifications of the samples are provided in Table 1.

Fig. | shows these samples, Shor-term compressive
deformation test was performed using the procedures set
forth in Standard Test Method for Determining Short-
term Compression Behavior of Geosynthetics (ASTM

! Researcher, CTT Group/SAGEDS, Saint-Hyacinthe, Quebec, CANADA, Email: munsungmok@zmail com

* Director, CTT Group/SAGEQS, Saint-Hyacinthe, Quebec, CANADA, Email: eblond @ gettg.com

FCED, CTT Group/SAGEDS, Saint-Hyacinthe, Quebec, CANADA, Email; jmlynarekizigetig.com

* Profiessor, Division of Nano-Systems Engincering, Inha University, Incheon, KOREA, Email: hyjeontainha.ac ke



D6364) to evaluate basic mechanical propertics of
samples. Specimen is positioned between two rigid steel

platens and compressed at a constant rate of 1.0 mm/min.

B

To control an accurate temperature of specimen of 23
heating platens were manufactured and its heating is
14°C/min. Also special test equipment for ESCR under
compression was manufactured and this equipment 15
shown Fig. 2.

The specimens were immersed in a solution of 90%
water and 10% [-gepal COG30 at a temperature of 30°C.
The solution level was checked daily and de-ionized
water used to keep the bath at a constant level.

And the solution was replaced every 2 weeks. 200,
400 ane 70O kPa for sample A, 600, 1,000 and 1,200 kPa
for sample B and 400, 600 and 800 kPa for C of load
were subjected as compressive load using 6:1 arm lever
loading system within considering their compressive
strengths.

The immersion duration was 500 hours and during
and after the test apparent observation and microscopic
morphology was evaluated for the specimen.

Table 1 Typical specification of the samples

a Sample
Property m:tl::)d Lt Fy ]-}p c
Thickness gﬂ;} mm =R L] 2
T A g w _w w
Cabonblack SN % 23 22 23
Density J:.;?II;: glem® 0042 0944 0940
Crystallinity J[ﬂ;gg;g ¥ 56 35 Gl

{a) Sample A

Fig. 2 Compressive environmental stress cracking rest

equipment
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RESULTS & DISCUSSION

Considering  the compressive  strength and - strain
properiies, the sample C has the stiffest behavior in these
three Samples. Initial 5% elastic modulus is much higher
than other samples. From this behavior of Sample C it is
expected that sample C has rigid structure and has high
crystallinity of over 60%. Table 1 confirms this phenomenon.
In the other hand Sample A and C have more flexible
behavior and low initial elastic modulus.

TN o

Sample B

Sampls &

Compressive StrenglhikPa)

¥ T T v 1
a e H x 1 &1

Strain)
Fig. 3 Short-term compression test results

Figs. 49 exhibit the results of apparent observations
and microscopic morphologies. Some kind of chemical
clogging due 1o the l-gepal solution is expected for the
Sample A because of its flow channel and thickness.
This chemical clogging for the Sample A was confirmed
by the apparent observation. Fig. 4 shows the results of
apparent observations for Sample A. In this figure many
deposits on the surface of the specimens were detected
during and end of the test and it seems that these
deposits which were induced from the chemical solution
may occur clogging and therefore affect geonet’s in-plane
flow capacity. Also there is no chemical clogging on the
surface of the specimen for Sample B and this fact was
confirmed by apparent observahion (Fig, 5).

Considering flowing pattern of the [-gepal solution
through out the specimen, the T-gepal has zig-zag flow
pattern and this courses some frictions with strands of
sample A, therefore the chance of clogging is higher than
the Sample B which has straight flow pattern. Also thin
thickness compared to other samples can increase chance
of any clogging, For the Sample C, the initial creep
deformation was very low which means the initial
medulus is higher than the other samples and therefore
high modulus indicate more rigid than others. High
rigidity has brittle failure pattern rather than ductile
failure and this can induce a stress crack during the
compressive creep test. Also it seems that the chemical
act a stress cracking accelerator.

250 haurs 250 hours

o

platen

platen

200 hours

B “
R
500 hours

Fig. 4 Apparent observation during and end of the test
for sample A (200kPa)

250 howrs . .5 250 hours

platen

vl

500 hours

Fig. 5 Apparent observation during and end of the test
for sample B (700 kPa)

Figs. 6—9 confirm this environmental stress cracking
phenomenon. From these exhibitions it is clear that
Sample A and Sample B which have relatively more
flexible HDPE strand than Sample C didn’t experience
any kind of environmental stress cracking. For the
Sample C which is more rigid and has high crystallinity
(Table 1) likely has to chance of stress cracking. The
microscopic morphologies indicate that the extent of



environmental stress cracking observed in the Sample C
15 related to its flexibility and crystallinity, And from the
morphologies it seems that the stress eracks occurred at
the junction point of the sirands first and then propagate
1o strands with increasing normal pressure.

Fig. 6 Apparent observations end of the test for samples
under various nommal pressures

-

Fig. 7 Microscopic morphologies uFS;nnph} A after the
test for various normal pressures

&
\ |
5
T ; T

Fig. 8 Microscopic morphologies of Sample B after the
test for various normal pressures

Fig. 9 Microscopic morphologies of Sample C after the
test for various normal pressures
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CONCLUSIONS

In this study long-term (300 hours) environmental
stress cracking resistance for various geonets under
various normal pressures were evaluated. The conclusions
are as follows:

I. ESCR property 15 one of the most critical
parameters for evaluating long-term chemical resistance
of HDPE geonets which wsed in hazardous landfill
systems.

2. Traditional bi-planar geonets which have square
type strand and tri-planar geonet have wvery strong
chemical and stress cracking resistance even high normal
pressure.

3. Cyhindrical type bi-planar geonets s more nigid
matenial than other samples and it is very week to
environmental stress cracking with increasing  normal
pressure
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THE EFFECTS OF LEACHATE ON THE
HYDRAULIC CONDUCTIVITY OF BENTOMAT®

Compatibility testing was performed to determine the effects of solid waste landfill leachate on the
permeability of Bentomat over a prescribed time period. Testing was performed in accordance with United
States Environmental Protection Agency (USEPA) Method 9100, as provided in SW846.

Hydration of specimens was conducted using de-aired tap water for approximately 48 hours. Saturation
was also conducted using de-aired tap water until a minimum B value of 0.95 was achieved. Following
hydration and saturation, baseline hydraulic conductivity was performed using water. After the baseline
hydraulic conductivity was established, the permeant was switched to leachate. Testing continued for an

additional 30 days to allow a sufficient number of pore volumes to permeate the specimen to establish a
hydraulic conductivity with leachate.

Results show that the hydraulic conductivity of Bentomat ™ unaffected when permeated with this
‘leachate.
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2. TEST PROCEDURES

2.1 Task 1: FEPA 9100 Compatibility Testing

Compatibility testing on the Bentomat was performed to measure the
effect of leachate on the hydraulic conductivity of the mat product over
a prescribed period of time. Testing was performed in accordance with
the United States Environmental Protection Agency (USEPA) Method 9100 SH-

846, Revision 1, 1987. The test conditions for Task 1 were as follows:

¢ Testing was conducted using flexible-wall triaxial permeameters,
as shown in Photograph 2.1-1. '

+  Three replicate samples of the Bentomat were tested.

¢ Each sample was trimmed to a diameter of 2.8 in. (70 mm) and
assembled in the following test configuration (from bottom to

top): porous stone/filter paper/sand Tayer/Bentomat/sand layer/
filter- paper/porous stone.

¢+ Hydration and saturation of the samples using de-aired tap water

was conducted at an effective stress of 2.0 psi (14 kPa) for a

, time period of approximately. 48 hours .. Saturation was defined
as a minimum Skempton’s B-parameter of 0.95.

o Consolidation of the saturated test samples wa§ performed at an
effective stress of 5.0 psi (35 kPa). Pore-water displacement
wWas monitored until primary consolidation was complete.

o To determine the baseline hydraulic conductivity, the samples
were permeated using de-aired tap water. The average hydraulic
gradient used for baseline permeation was approximately 50. For
this testing program, initial hydration and saturation was

¢L1614/GELSL0B6 3 91.07.3!
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"conducted using de-aired tap water. Hydration with leachate may
or may not yield different results.

After establishing the baseline. hydraulic conductivity, the
permeant was switched to the leachate. Because of the slow
permeation rates and the objective to increase the volume of
Teachate 1in contact with the Bentomat, the sand layer was
replaced on all samples by an Amoco 4516 geotextile after
approximately three weeks of testing. Permeation of the samples
with the Teachate continued for an additional 30 days. The
hydraulic conductivity of the sample was monitored and reported
daily during this period.

Permeation of the test specimens with the Teachate was initially
conducted at an average hydraulic gradient of approximately 50.
In order to increase flow through the Bentomat during the
prescribed time period, the average hydraulic gradient was
increased to approximately 160. ”

Because the final hydrated thickness of the Bentomat is unknown
until the completion of tééting and for comparison of the test
data, the hydraulic cohductivity was calculated using 0.4 in.
(1.0 cm) for the Bentomat. These values were used in all
calculations of hydraulic conductivity in Tasks 1 through 7.



TABLE 3.1-1

EPA 9100 COMPATIBILITY TESTING
BENTOMAT SPECIMEN CONDITIONS

American Colloid Company

GeoSyntec Consultants

Specimen No. 1

Specimen No. 2

Specimen No. 3

Parameters Initial Final Initial Final Initial Final
Thickness, in. 0.29 0.39] 0.33| 0.43 0.28 0.36
Diameter, in. 3.01 3.14|  3.19|  3.30 3.11) 3.8
'Dry Mass, g 30.8 24.4 38.3 | 31.4 34.4 26.1
%ass/Area, 1b/Ft2 | 1.37 1.00| 154} 1.16 1.44 1.05
Water Content, % 18.8 | 170.1 15.7 | 169.4 10.9 167.4

Notes: !

geotextiles bonded to the specimen.

The dry mass includes the dry weight of the bentonite and the

The mass/area is determined using the dry mass of the material

normalized with respect to the cross-sectional area of the test
specimen before drying.

S1411/GELYL0EE

91.06.27
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EPA 9100 COMPATIBILITY TESTING
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EPA 9100 COMPATIBILITY TESTING
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EPA 9100 COMPATIBILITY TESTING
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3.1 Task 1: FEPA 9100 Compatibility Testing

Fel sl Test Results

The physical conditions of the three Bentomat specimens, measured
before and after the tests, are summarized in Table 3.1-1. Graphical
presentations of the hydraulic conductivity as a function of elapsed time
are presented in Figures 3.1-1, 2, and 3. Graphical presentations of the
hydraulic conductivity as a function of the volume of liquid passed-
through the specimens (i.e., pore volumes) are presented in Figures 3.1-
4, 5, and 6.

3.1.2 QObservations

Because of the low hydraulic conductivity of the bentonite mat, and
in order to maximize the volume of leachate through the mat, the sand
layer in each test was replaced by an Amoco 4516 geotextile during that
test. This generally occurred shortly before the permeant was switched
from water to leachate. In many cases the data indicated erratic
behavior for a short time after the switch, but the hydraulic
conductivities eventually became consistent.

A11 specimens were initially permeated at a hydraulic gradient of 50.
The resulting hydraulic conductivity measurements were somewhat variable.
The hydraulic gradient was subsequently increased to 160 after
approximately five days of testing. The test results tended to stabilize
after the gradient increase. The average hydraulic gradients that were
used for the remainder of each test after the initial increase gradient
is indicated on each figure.

In all cases, the data presented in the tables show that each
specimen swelled in thickness and in diameter, and that each specimen
experienced an apparent loss of mass. The effluent water however, was
not visibly cloudy in any of the tests.

GL1614/6GELY1066 13 91.07.:1
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In each figure, a transition from water to leachate is indicated.
The variability in the test results near this transition is likely the
result of disturbance due to leachate injection and removal of the sand
Tayer. Within a short period of time, the test results stabilized.
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aid in maintaining a 6- to 9S-in-wide overlap during

installation.

2.1.2 Available Laboratory Test Data of the Hydraulic
Properties of Bentomat®

2.1.2.1 Bentomat® Permeation with Water
J & L Testing Company (1990) conducted flexible-wall

hydraulic conductivity tests on 6-in (150-mm) diameter

samples of Bentomat® containing either untreated granular
beﬁtonite ("CS" grade) or high-con{éminanbresistant bentonite
("SS"igrade). Test conditions and results are summarized in
Table 2.2. -The duration of the tests was not reported. Figure

2.2 presents the_relationship between hydraulic conductivity

a_ﬁd"'ha;ximum effective stress. _ Hydraulic éonductivities L

ranged from 6 x 10-10 cm/s to 6 x 10-9 emi/s.

2.1.2.2 Bentomat®_ Permeatfion with Chemical Leachates

GeoSyhtec Consultants (1991a)_"pe:fformé'd éombaﬁbﬁiﬁi
tests on Bentomat® in flexible-wall permeameters in order 10
measure the effect of landfill leachate on the alternative
barrier material. Three 2.8-in (70-mm) diameter replicate
samples were. permeated first with de-aired water (under an
effective stress of 2.0 psi (14 kPa) and a hydraulic gradient of

about 50) and then with leachate (under an effective stress of
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Table 2.2 Summary of Results of Hydraulic Conductivity Tests on

Bentomat® (J&L Testing Company, 1990)

Grade of Bentonpite- Cell

High-Contaminant-
Resistant ("SS") |

Untreated Granular
Bentonite ("CS")

Stress (psi)
- Maximum
Head Tail Effect]
50 42.2 418 8.2
50 44.6 3%.4 . 10.6 .
- 50 . 47.2 . .36.8 . 13.2
50 422 41.8 B2
50 44.5 39.4  10.6
50 47.2  36.8 13.2

Hydraulic
Conductivity
~{em/s)

2.1 x 10-8
7.5 x 10-10
5.8 x 10710

56 x 10°9
1.1 x 10°9
9.8 x 10-10



Hydrautic Conductlvity (cm/s)
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Fig. 2.2 Results of Flexible-Wall Hydraulic

Conductivity Tests on Bentomat®-

- (J&L Testing Gompany, 1990)
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5.0 psi (35 kPa) and an average hydraulic gradient of
approximately 160). The steady-state hydraulic conductivity,
after two” months of testing and 2.3 pore volumes of flow, was
approximately 2 x 109 cm/s using the de-aired water and
‘approximately 2.5 x 10-9 cm/s using the landfill leachate. The
results seem to indicate that Bentomat® samples that have
beén hydrated first with de-aired water will have very little
increase in hydraulic conductivity after -the -introduction of

landfill leachate.

2.1.2.3 E ects of Desiccation on Bentomat®

GeoSyntec Consu!tants (1991&) conducted a ﬂex:ble wall -
hydraulic conductlwty test on a 28m {70 mm) sample ofg
Bentomat® that had .mdergone 4 desiccation cycles Each
cycle mvolved-f:rst permeatmg “the’ sample with ~de-aired
water (using an effective stress of 5.0 psi (34 kPa) ,and_'an
average hydraulic gradient of approximately 25) then
desiccating the sample for two weeks in a 400C (1049F) oven.
This procedure was repeated 4 times. The steady-state
hydraulic conductivity, measured after each cycle, ranged
sporadically between 1 x 10-9 cm/s and 3 x 10°9 ecm/s. The
results show little effect of desiccation on the hydraulic

conductivity of Bentomat®,
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2.2.2 Available Laboratory Test Data on the Hydraulic
Properties of Claymax® |

2.2.21 Claymax® Permeation with Water

Literature published by the James Clem Corporation lists
2 x 10-10 cm/s as the hydraulic conductivity of Claymax®
permeated with de-aired water. A summary of published
measurements of the hydraulic conductivity of Claymax® to
water is given in Table 2.4. Results are plofted in Fig. 2.5 in’
terms of hydraulic conductivity versus effective confining
stress. The results show that the hydraulic conductivity to
water varies from ‘just under -about:1.x 10-8.cm/s at low
effective stress o just ‘above 1 x 1010 “cm/s at high

effective stress.

2.2.2.2 Claymax® Permeation with Varioys -Liquid. and Chemical |
Leachates

" The information -available - concerning hydraulic

conductivity of Claymax® permeated with liquids other than
water is summarized in Table 2.5. All of the test specimens
that were hydrated with .wate.r and then permeated with
chemicals maintained a hydraulic conductivity < 1 x 10-8
crv/s, even for compounds such as diesel fuel and heptane that
would normally be very aggressive to soil liner materials.

Brown, Thomas, and Green (1984), for example, found that the
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Chan-Northern (1988)
GeacServices (1988a)
GeoSarvices (1989d)
Shan (1990)
GeoSarvices (1939CD)
GeoSyntec {1950a)

o e 6 B & ®

10°9

aa_a el

Hydrauﬂc Conductivity (cm/s)

40710 - e ] = P,
1’ : .10 - 100
Effective Confining Stress (psi)

Fig. 2.5 Results of Hydi"aulic' Cbriductivity Tests -
on Claymax® -Permeated with Water
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hydraulic conductivity of a compacted, micaceous soil was 1
to 4 orders of magnitude higher to kerosene, diesel fuel, and
gasoline than it was to water. The inconsistency of results
reported in Table 2.5 to the research conducted by Brown and
his co-workers may be related to either a small cumulative
pore volumes of flow in the tests on Claymax® or application
of a high compressive stress to the test specimens. The
cumulative pore volumes of flow of permeant liquid was not
reported in many of the test referenced in Table 2.5; in many
cases, there was probably an msuﬁscqent guantity of flow to
.determme the full effects of the permeant hqu:ds ln some
-'tests a: Iarge effectwe confmmg stress was used Brodenck
and DameI (1990) found that one compacted clay was
vulnerable to Sigmﬂcant aiteratlons in ‘hydraulic conductmty
when compressive stresses were <-5-- 10 psi (34 - 69 kPa) but .
dld not undergo an mcrease in hydrauhc conductmty when -the -
spemmens were permeated w:th compresswe stresses larger
-than S5«to 10-psi (34 to 69 kPa). Brown and his co-workers’
applied no compressive stress to their test specimens.

Teﬁsts on specimens of Claymax® that were hydrated
with the same liquid as the -eventual permeant liquid (rather
than water) showed mixed results. For leachates, a pab_er pulp
sludge, and simulated seawater, the hydrau.-lic conductivity

was found to be < 1 x 10-8 cmvs. However, the significance of



33
these results is questionable because the duration of the tests
was short, the cumuilative pore volumes of flow was not
reported, and the applied compressive stress was not reported.
In a.s-yet unpublished tests by Shar;, markedly different
results were obtained when Claymax® was not prehydrated
with water. = Shan '-foundl that when dry Claymax® was
permeated difectiy with & 50% mixture of water' and methanol,
with pure methanol, or with heptane, the bentonite did not
hydrate even after several pore volumes of flow, and the
hydraulic conductivity did not drop below 1 x 10-6 cm/s. Shan -
used a cbmpressive stress of 5 psi (34 kPa). Thus, with
~concentrated organic hqmds the condstlons -of hydratlon
” appear-.to play an 1mportant -role in determmmg the abthty of‘-
- the benton:tlc blanket to resvst _the deleterious action of.
organic chemic_a}_s._ The bentonite appears to be more
chemically resistant . if hydrated with fresh water before

exposure to concentrated organic chemicals.

2.2.2.3 FEffects of Desiccation on Claymax®

The effects of desiccation were investigated by
GeoServices (1989d)." Three hydrated samples of Claymax®
were placed--in-.a temperature- and -humidity-controlled
chamber. The chambers Operatéd on a timed cycle to simulate

day and night conditions. The temperature and humidity during
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thick HDPE geomebrane, was the material tested during this
study.

2.3.2 Available Laboratory Test Data of the Hydraulic

r i f | an n | |
2.3.2.1 Paraseal Permeation with Water

Pittsburgh Testing Laboratory- (1885) conducted a
hydraulic conductivity test on a 2.5-in (64-mm) diameter
sample of Paraseal. A 15-ft (4.6-m) head of water was
applied to the sample, which was soaked for § days prior to
permeation. A single, falling-head test was performed, which
yielded a hydraulic conductivity reported to be 4 x 10-10

_em/s. - Further.details of ihg_e test procedures are not available.

- -Howev_er‘, bec:ausé the.di.rlection._-of ._ﬁow was -apparently through
_the HDPE membrane, the test may have provided a rheasure of
sidewall leakage rather than flow through the material.
2.3.2:2 Gundseal Permeation with Chemical Leachates

The hydf-aulib conductivity of Gundseal peﬁheated with
landﬁl!l leachate was measured by GeoSyntec Con_sultaﬁté
(1881c). A grid of 0.12-in (3-mm) diameter holes on 0.3 in
(0.75 cm) centers were drilled into the Gundseal test samples
in order to ‘effectively test the bentonite portion of the

~Gundseal product. Three 2.8-in (70-mm) diameter samples
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were placed in flexible-wall permeameters and subjected o
an effective stress of 5.0 psi {385 kPa). The test specimens
were permeated, first with .de-airad water then‘with ieachate.
The average hydraulic gradient applied during permeation with
de-aired water was 50. The hydraulic gradient was increased
to 230 during bermeation with the leachate in order to
increase flow th}ough the Gundseal. The average hydraulic
conductivity of the punctured Gundseal specimens was 1 x 10-
9 cm/s for both the de-aired water and the leachate after
approximately 1.2 pore .volumes. ot flow. The hydraulic
ccnductivity"of fthle prehydrated bentonite _appgargd _unaffected

by the,iqtroduction of the leachate.

2.3.2.3 Effects of Desiccation on Gundseal

- GeoSyntec Consultants (1991c) measured the hydraulic
conductivity of a sample of Gundseal that had undergone 4
desiccation cycles. The '2.8—11-1 (70-rﬁ'm)_diameté'r sam.ple was )
punctured with small holes in the same ﬁﬁd péttam as the
samples described previously. The test sample was permeated
with de-aired water in a flexible-wall permeameter under an -
effective stress of 5.0 psi (34 kPa) and an average hydraulic
gradient of 215 in order to determine hydrauiic_ conductivity-
The sample was removed from the permeameter,” subjected to 2

0.4 psi (3 kPa) confining stress, and placed in an oven for two
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25 Summary of Hydraylic  Properties of Bentomat®
Claymax®, and Paraseal/Gundseal

Table 2.10 is an abridged summary of the hydraulic
conductivity data of Bentomat®, Claymax®, and
Paraseal/Gundseal. The table includes results from tests
conducted by GeoSyntec (1891a,b,c), GeoSyntec (1990b), and
Shan (1990). Result;_-'. frdm hydraulic cdnductivity tests
conducted by other laboratories have not been included in Table
2.10 in order to .present the information in a simplified and

consise form.
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HYDRAULIC CONDUCTIVITY AND COMPATIBILITY TESTING OF CLAYMAX
BALTIMORE COUNTY LANDFILL PROJECT :
TOWNSON, MARYLAND

g

SCOPE OF SERVICES

STS was to perform two hydraulic conductivity tests on sections of Claymax liner
material in conjunction with a six inch sand layer utilizing leachates as the hydration
medil.;m and the permeants. The Claymax specimens were supplied to STS by Clem
Environmental and the leachate specimens were obtained from L.A. Solamen. Inc. All

testing materials were delivered to our Northbrook Testing Facility.

Test Equipment

The equipment used in the compatibility study was a tnaxzal cornpresswn permeameter

‘This equipment incorporates the use of a ﬂeijle membrane pre\remmg 51dewall seepage. ‘

back pressure to facilitate specimen saturation smail diameter - bureites rnakmcr"

measurement of small volumes of collected permeant possible and th__g: system is closed

preventing the permeant from being exposed to the surrounding air.

Specimen Construction

Each of the specfmens, utilized -throughout the testing program, consisted of an
approximately six inch cylindrical column of silica sand on top ‘of which a circular
section of Claymax was placed. The orientation of the Claymax to the sand provided for
permeant flow initiatéd through the sand followed by the Claymax section.  The
directional flow of the perrr-leant. is similar to those conditions found in the field

applications.



Clem Environmental Corporation
_ STS Project No. 25868-XH
May 11, 1989

Once the specimens were assembled. a flexible rubber membrane was used (o encase the

specimens while sealed in the triaxial permeameter chamber.

Test Procedures

- After its initial construction and placement in a triaxial compression permeameter each
of the specimens is backpressure saturated. To aide in specimen saturation, carbon
dioxide gas was allowed to flow freely through the test specimen. inundating the voids
in the sand and drj, Clavmax The use of this carbon dioxide gas has been accepted as a
procedure to aide in specimen saturation. The carbon dioxide gas will go into solution
more readily than normal atmospheric air. Once it was determined that the carbon
dioxide gas had completely inundated the voids; of the test specimen, the permeants were
allowed to free flow through the test specimen first saturating the silica sand and then
the Claymax section.  For this study, the leachates were utilized both as a set
‘hydratmg medlum and as the -actual permeant for -the hydraulic “conductivity

sedeterminafion, elec Ll LT NI AL i DR

Two leachates were used during the study. The first was labeled Parkton Landfill and
the second Iabe]ed as Eastern Samtary Landfill. It is the understanding of STS
. Consultants lhat the two leachates were a municipal Jandfill leachate and contained such

. things as heavy metals. phenals, cyanide, copper, phosphorus and other substances.

Once the leachate had fully hydrated the test specimen, the specimen was allowed .to
stand for a 24 hour hydration period. Following the hydration period.- the backpressure
saturation techniques were implemented to complete the saturation procedures. This was
accomplished by simultaneously increasing the cell and back pressurés’ in increme-ms
while maintaining a pressure differential of 0.125 kilograms per square centimeter
(KSC).  Pressures were incrimentally increased until obtaining testing pressures of
4,125 KSC cell pressure and 4.00 KSC back pres.sure.



Clem Environmental Corparation
STS Project No, 25868-XH
May 11, 1989 ,

Specimen saturalion was considered complete when a Skempton’s Pore Pressure B-parameter
of 0.95 or greater was obtained. The "B" parameter is simply a ratio of an increase in
pore water pressure to a simultaneous increase in confining pressure. When full
specimen saturation was determined, permeant flow was initiated through the bottom of
the test specimen, allowed to flow through the top of the (est specimen and collect in 2
calibrated burette.. The test was performed utilizing two separate gradients. The
initial gradient consisted of an application of a hydraulic head of one foot. The

second- gradient.was applied as a hydraulic head equivalent to 35 feet.

During the entire test, permeant volume versus time measurements were recorded and the
hydraulic conductivity of the test specimen at the two gradients was determined. The
test was allowed to continue until it had been determined that a minimum of three pore
volumes of pore fluid had passed through the test specimen. Once this had occurred and

steady state flow had been established. the test was terminated.

'Lébdfé{&jﬂTcst Results : -~ =

As a result of the testing as outlined above, the Claymax section utilizing the Parkton
Landfill Leachate, as the permeant, obtained hydraulic conductivity values of 2 x 10 ~*°

centimelers per sec_ond (cm/sec) for a hydraullic.head of one foot and 4 x 10 ™" ° cm/sec
for a hydra'ulic head of 35.feet. ‘The Claymax section exposed to the Eastern Sanitary
Landfill leachate obtain hydraulic conductivity values of 3 x 10 .10 ém?séé--u{illizing 2
hydraulic head of 1 foot and 4 x 10 T emisec utilizing a hydraulic head of 35 feet

A summary of specific specimen characteristics and final hydraulic conductivity values

is attached to this report. : R —
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A

' §TS Consultants Ltd.

Permeant
Sample No.

Classificztion

“ v Unit
she (pcf)

Water Content

(%)

Diameter

(cm)

Length
(cm)

Saturation
B Value

Bydraulic
Conductivity
k (cm/sec)

STS PROJECT KO.

PROJECT Baltimore County

25868-XH

"Landfill Project

DATE 4-24-89

 SUMMARY OF HYDRAULIC CONDUCTIVITY TESTS

Parkton Landfill

1

"Claymax with
6" Silica Sand

51.6

0.568
0297

1 ft. 2 x 10 10
35 fr. 4 x 10 —10

Ezastern Sanitary Landfill

2

Claymax with

“6'" Silica Sand

625

Dry

7.026

0.616

0.99

1 ft. 3 x 10 —10

35 fe. 4 x 10 —10
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EALTIMORE COU‘hY
WASTEWATER MONI ORING AND ANALYSIS DIVISIOH
INDUSTRIAL DISCHARGE COSTKOL PROGRAM

& a7 2931

BALTO. coO. a4

Rev: 12/8?

grnnf}}"‘. Rasmusscen SAMPLING/ANALYSIS FORH Sample No,: '9 01110 _
LI eculive . i = |

Industry Name: EASTERN SANITARY LAHDFIL# _ Facility No.: -
Addrecst Days Cove Road

Telephone! ) . Requested by: P. Phillips

Sampling Site Location: Leachate pit

Special Tnstruccionst: STD 5, metala, Total alkalinity & Chlorides

i

FIELD .
" Dita and Time of Sampling: Scarg _ 1/18/89 10:20 a.m. Finish

Sampled by: P. Phillips, T.E. Ryan

Type of Sampla: Crab '

Sampler Settings! N/A

Sacple Character{sties: _ 1 quarry dark z".‘;avi ) quart; dark brown

Proservatives Added: Cooled wlth ice 1 )

Cocoments and Obsecrvations: :

Oelivered to Lad byt ~ pp, TEK - % Dacte: _1/18/89 - Time: _11:50 «.m.

o ‘ _— R
LARORATORY : . | - M T
Sample recoived by up Dace: _1/18/89  Tima: _11:50 a:m.
Characteriscice of Notes _ )
(Origin of Sced: Polysaend)
.
AMALYTICHL RESULTS

Code 5DL Parameter Cone., (me/L)

o pH o 6.3

- BoD 122 me/L

o CoD 148 wp/L
188 128 mp/L

2012 FOC ~ ALY

203 FOC = Pety

2026 P(Phosphorus) 2,52 mg/L

3006 0.0! Cd(Cadmium) BDL

3007  0.05 Cr(Chromium) BDL

3008 Q.02 cu(Copper) 0.04 mg/L

b Cn(Cyanide) )
3009 0.10 Pp (Lesd) 0.36 mg/L-

—— b

Conc. {my/L)

Code BDL Paramecer

3011 - 0.05 Ni{Njckel) IDL

3015 0,01 2n(Zing) 0.05 /T,

3130 Phenols .

3013 0.01 Siilver BDL

* GRAD pH '
Total Pe 3,88 my/L

Taral alkalinity 350 mg/L
Chloride 80 mg/L

|



H R . <
BALTIHORE COUNTY evi12 /87

WASTEWATER HO?}TORiKG AND ANALYSIS DIVISIoN

INDYSTRIAL DISCHARCE CONTROL PROCIAM

Dennis F. Rasmusson : SAHPLIHC/AHALY?IS FORM Sawple No.; 9 02104
{

Caunty Ficcutive

Industry Ramed r_‘?ARKTON

—y——

Address:

- - —

Facilicy No.t

R

Telephone:

e

-fReques[cd by:

fanpling Slca Location:

R. Huch

Qi;l 43

Special Instructionszl

pH, BOD, €OD, TS

3, Alkalinity, Chluride, Hetals

-

—
—

FILLD . :
Date and Time of Sampling: ™ Start 2?@189 Finich
Saapled hy: ", Mueh, K. Xramer E - —
Type af Sample: Crah %
Sazpler Seltings! ‘j__ N .
Sazple Chavacteristics: i
Presorvatives Added: ;
Comvments and Observations: ) % N —
beliv}:red to Lxb by: ~RX, RM } Datet 2/9/89 Time: 2:20 P.H.
e - ] ] —_— —
LABORATORY _ ! , .
Sanple recelved by: wr Date! _2/9/8%  Time: 2:20 I'.M.
Characceriscics of Notet é L . .
- (Origin of Seed: Polyszcd)
ANALYTICAL RESULTS
EDL Parameter - Conc. (mg/L) - Code BDL Porameter ~ Conc. (mp/L)
¥ 6.1 3011 0.05 Ni(Nickel) -, !-44 =8/l
20 38,888 mg/L 3015 0.01 zn(2ine) 5.45 myg/
= &b 60,831 wp /I, 3130 Phenols
E?; Iss__ 691 mg/L 3013 0.0l Silver 0.03 =x/L
5}3, FOC ~ a4y -
R | ¢ GRAD PH _
m_ij_ ' E(Phoaphoyus) interferonce
f&. 0.01 LdtCadmlium) 0,10 mg/L T Total TFe 736,00 eg/L
;2&1 thé Cr{Chromium) 0.22 we /T T -;;:;Z_;;Lalinity 15,000 =p/l
% 0:.02 cu(Copper) 0,17 ma/l T Chlorida 1,500 =2/l
@ 0.10 E_:_{%—:‘-ﬂm> - — -
220 Py (Teud) Q.00 mg/L l T

e
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5.2 PLASTIC PIPING HANDBOOK

Chemical Resistance of Plasfics and Elastomers
Used in Pipeline Consiruction

1. Introduciion

It is now inconceivable to construct
pipelines without the use of plastics.
Pipes made from plostics are used not
only for drinking water, water for gen-
eral use and waste water, but also for
the conveyance of aggressive liquids
and gases. Expensive pipe materials
such as lined mefal, ceramic or glass,
have been largely superseded by plastic
pipes. !tis, however, important thot the
mast suitable plastic material is selected
for each application. This "Chemical
Resistance list" serves as a useful guide
in this respect. The list is periodically
revised fo includs the lotest findings. It
cantains all plastics and elastomars in
the George Fischer product range which
can come into direct consact with the
media.

The information Is based on experiments,
immersion and, when available, on data
from tests which include temperature
and pressure as sirass factors, The
rasulis achieved in immersion experi-
ments cannot be applied without reser-
vation to pipes under stress, i.e. internal
pressure, as the foctor "siress corrosion
cracking” is not taken info consideration.
In cerfain cases it can be of advantage
io fest the suitability under the planned
working conditions. The tests referred fo
have been carried out partly by George
fischer and partly by the infernational
Standardization Organization (IS0} or
national standards organizafions.

Pure chemicals were used for the tests. If
a mixture of chemicals is fo be conveyed
in practice this may affect the chemical
resisiance of the plasiic. It is possible in
special cases to carry out appropriaie
tests with the spacific mixture. Suitable
test equipment is ovailable at George
Fischer for this purpose, which wa regard
as part of our service fo the customer. If
goes without saying that we are willing
o give individual edvice ot any time. In
this connection it is worth mentioning
that George Fischer already possessas
information concerning the behaovior
towards plostics of o number of chemi-
cals or mixtures of chemicals which are

not yet included in this list. The “Chemi-
cal Resistance List” gives valuable
assistanca in the planning of plasfic
pipelines. Please refer to the following
instructions, which are important for the
application and evaluation of this list.

2. Instructions for the Use of
the Chemical Resistance List

2. General

As stated in the intreduction, the "Chemi-
cal Resistance List” is only intended as a
guide. Changes in the composifion of
the medium or spacial working condi-
tions could lead fo deviations. If there is
any doub, 1 is advisable to test the
behavior of the materic! under the
specific working conditions, by means of
a pilot installation. No guarantees can
be given in respect of the informaiion
contained in this booklet. The doto
shown is based upon infermation
available at the time of printing, but it
may, howaver, be revised from fime to
time in the light of subsequent research
and experience.

2.2 Clossificotion

The customary classifications:

resistant, cendifionally resistant and
nof recommended ars depicted by the
signs: +, O, and -, which allow simple
presentation and application. These
classificarions are defined as:

Resistant: +

Within the acceptcble limits of pressure
and temperature the material is unal-
fecied or only insignificantly affected.

Cenditionally Resistont: ©

The medium can aftack the material or
cause swelling. Restrictions must be
made in regard tc pressure and/or
temperature, taking the expected sarvice
life into account. The sarvice life of the
installation can be noticeably shartened.
Further consuliction with George Fischer
is recommended.

Mot recommended: —

The material cannot be used with the
medium at all, or only under special
cenaitions.

(Couriesy George Fischer Engineering Handbook)
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2.3 Fipe Joints

2.3.7 Selvent Cement Joints (PYC)

Solvent cement joints made with stan-

dard PVC cement and primer systems

are generally as resistant as the PVC

material iisell. The following chemicals

are, however, an exception:

= Sulphuric acid H,50, in concentrations
above 70 percent

s Hydrochloric acid HC! in concentra-
fions above 25 percent

= Nitric acid HNO, in concentrations
abeve 20 percsnt

Hydrofluoric acid in cny concentration
In conjunciion with the above media the
solvent cement joining is classified as
“conditionally resistant”. Praviously
recommendad solveni cement [Dytex, by
Henkel, Germany! used for pipe and
fittings to carry concentrated acids, can
no longer be brought inte the United
States bacause of its methylene chloride
solvant system being classified as @
carcinogen. There is no known domesti-
cally available substitute. Special
consideration should be given fo the
possible attack of the cemeanted joints by
these concentrated acids.

2.3.2 Fusion loinis

In the case of PE, PP, and PVYDF (SYGEF®
heat fusion joints have practically the
same chemical resislance as the respec-
tive material. In conjunciion with media
which could causs stress cracking, the
fused [cints can be subjected to an
increased risk due to residual strass from
the joining precess.

2.4 Saaling Materials

Depending upon the werking condificns
and the strass involved, the life span of
the sealing materials can differ from that
of the pipaline material. Seais in PTFE,
which are not included in this list, are
resistant 1 all the chemicals indicated.
The graater permeability of PTFE should,
however, be considered. Under cariain
working conditions, for example when
cenveying highly aggressive media such
as hydrochloric adid, this marerial

characteristic must be taken inio ac-
count,

2.5 General Summary and Limits of
Bppiication

The following table includes all the
materials contained in the George
Fischer product range, and their abbre-
viations. The summary gives preliminary
information regarding the general
behavior of the materials and the
temperature limits.

2.6 Stondards

This list has been compiled with refer-
ence to the following 1SC standards:
ISO/TR 7473

Unplasticized polyvinyl chloride pipes
and fittings ~ Chemical resistance with
respect to fluids.

ISO/TR 7474

High density polyethylene pipes and
fittings - Chemical resistance with
respect to fluids to be conveyed.
iISC/TR 7471

olypropylene (PP) pipes and fitings -
Chemical resistance with respect fo
fluids.

ISC TR 10358

Plastic pipes and fittings - Combined
chemical resistance classification table.
CVS 2205 Part |

Caiculations for thermoplastic con-
tainers and appliances.

DIN 8080 Supplement 1 «Pipes of
chiorinated polyviny! chloride PVC-CH,
PVC-C 250 - Chemical Resistances,

(Courtesy George Fischer Engineering Handbook)
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Maiesiu] Ablbre Remarks Mazximuir Panmissiols
vitdion Temperalure (Woter °C
Censiaint Shorl Term
PVC e mosl solufions of ulkelis ond s &0 a0°
Polyviny! Chlonce . ik wealer, Nol |
1bons
T
E alVs Can be used sirlatly 16 PYC tut gt highe leinpeicisas. | 90° 1100
Polyvinyl Chlence Consult lactary lor spacific applicotions, i
- —
Figh-density PL 50 s o
Polyeitylene wall as 1o @ jerg
concentielod i
Pobypiopyiens, heoi siaiil zed o Chemisei resistance simlar 12 thal of 72 but witoble for Q0 The
mghet lempeiouies
ohinidens Resisiomi v acicks, solulions of valis, ahplictie, s:omatic ond T40° 150¢
Fluoiide chlorinoted hydiocarbons. luohols und hologens  Cendditior
naily sulable o ketones, esiets, orgonic bases and
alksiine solutinas
Pelybuiane-] e Semilor to PE 50, bt con be used up te 90°C o0 100°
Polyasymathylene P Ressiant o mosi selvenis ond nycimus alkalis, Unsuioble for &0 80
ocids
sethyiene e Resiziont i ol chericals m this fist 2300 agoe
Mitrile Fubber RBR Cinoel resistance w ol aned perol Unsitabie lot oxidi zing) 0~ 1200
miedia
Byt Rubber 3 e snd weather. Especiolly suinbls S0¢ 1202
Elhlsne Props EHH i aggrestive chomicals. Unsoinble [or oits ond fots
Chisopiana Rubber <R Cleeical iesismngs very similar to that of PYCU ond 80 1100
le.g. Meoprena™} bevween that of Mitrte anc Bulyl Kubher
Fuorine Rubber rend Hes best chamicad remstonee to sobvents of oll glosiomas 150° W00
te.q. Viion"™)
Chiorine Sulphony! Polyethylene: THV Chamicol resisionce seniion 1o Thot of EPDM e 140%

{e.g. Hypelon®}

FRegisiered iude nome

The obbreviations listed below ars found throughaut the listings and heve the following definition:

Q/E (Queliung/Erweichung) =

D/P {Diftusion / Permeaticn)

SpRB {Spannungsiissbildungl =

swelling/sofiening
diffusion/ permeafion
environmenlai slress cracking

(Courtesy George Fischer Engineering Handbook)
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Aggrassive Media

Chemical Resistance

95

Medium

Farmule

Boiling point *C

Cancentralion

Temperaiure °C
(3%
PVC

PYDF {SYGEF!

EPOM
FPM
~NBR

CR

Acetaldenyds

Aceloldehyde

Acstic acid iSpRB)

Acetic acid {SpRBI

Acetic aeid [SpRB)

Acelic acid (SpRE]

Acefic aeid 1$pRB

Acelic ucid anhydride
ISpig)

| CHy-CHO
[ CoH.O

CH,COOH

ClH;CO0H

CHCOOH

ICH-COR0

-

139

techricolly purs

40%, aquecus

sclution

iechnically pure,

glucial

10%, aguecus

50%, equaous

8%

technicolly pure

Cl

ABS

FE
« O | PP-H

B
o
O+

E
s
O+ +
VO

r O+ +

=
&7+

4+

O+
o
o

&

3
O+ +
+ +
|

100
120
140

o
=)

100

a+

PR ———

QO+ + +

C O
e

O+ +

ottt

O+

O+ +
O+ +

Jo++

o | M

+

+ 4+

{Courtesy George Fischer Engineering Handbook)
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Medio

Chemicai Resistance

Mediurm

Formuta

Bailing poin *

Cencsnirolion

PVDF (SYGEFI

EPOM

FPM

NBR

Acefic acid

isobutyl ester

Acefone

Acatons

Acetonitrile

Acetopherore

Acrylie acid mathyl sster

Acolic ester

HAurylonitrie

{CH o CHACHl-CO,H

CHy-CO-CHa

CHHCHN

CHCO-CaHs

CH;=CHOOOCH;

CHy= CH-COO CHyCH,

CHam CH-CN

81.6

303

fechnically pure

technizoliy pure

vp io 10%,

agueoys

100 %

tachnically purs

technicolly purs

technically pure

120
140

100
140

0
40

80
100
120
140

0
46

140
120
40

140

40

80
1c0
120
140

+_
-

+ o+
+

coo

+ + +

O+

Q0

' CR
i CSM

eloke]

o+
coo

++ 4+
B eXe]

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemizal Resistance

9.7

Medium

Farmula

Boiling paint “C

Concentretion

Temperctyre “C

PYOF ISYGEF!

EPDIM
FM
NER

Adipiz add

Aluni

Alechalic spirits (Gin,

Whisky,slc.

Ally! gleohol

Alumiziven chloride

Auminium chloride

Aominium Muoride

Auminiom Aydrogide

Alumininm nitrore

—_——
———

HOOCCHal,-COOH

HaC=CH-CHxCH

AlCl;

AlCl

AiFs

AllQH,

ANl

sea Forassium/ oluminivm sulohale

o
153

1135

|
|
|

schurated,
joqueous

approz. 409 athyl

alcohol

Pe8h

1%, aqueous

saturated

soturoted

Suspension

sourated

|

gg88

140

40
&0

100
120
140
20
40
40

100
2o
140

20

80
00

140

+

Ve
4+ + | CVC
ABS
+++ | PE
PR.H

bk

+
b
+ 4+

okt

4
+ 4+

+
PR
-+

P
O+ + + +

F—_—

FE—

ok

Aok

4t

4

o

el ele]

PR

o+ 4+

Fok

b

+ o+
+ 4+

okttt
O+ + 4+ + 4

ok k4
PO+t

o+ | CR

.

+ o+ | CSM

R I

ER

(COL“TGW George Fischer Engineering Handbook)
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Aggrassive Medic Chemicol Resistance

|

Temperature "C
PYDF |SYGEF

CRVC
EPDM
FPM
MBR

R
CSivt

Madium Forinula Concentretion

Aluminivn sulphate Al SOy 10¢n, aguecus 0

Balling point " C

A
PE
Ly PP

[
+o
o+
o+
+ 4+
4+ 4+
o+
Gt o+

R

T

g5

Aluminiom sulphate cotd soturoted, 200 1
aquaois 401 +
"

&

o
+
+ 4
A
o4+
R
+
R
QO+ +

R A

Asvnenic (SpRED Rl 33 | gasacus, 20|+
iechnically pure Lieh e
-

@
=]
T
¥
QO+ +
O+

140

Ammonivm geotols CHCOONH, agueous, all 0

),
o+
EE
O+ + +
bt
Qo
O+

Ammanivm clominivm 20
suikle 40

2
ot

Armenivm bromide w0

.

o
(=}
o

Ammenium carborate IMELC05 i 505, aquecus 20|+

.
(=3
|
PRI
;

e
3

+
+
+
ookt

P

5
(=)
!
ok

Ammonium chloide NH.CI 115 jagueaus, coid 200+
saturaled 40] +

R
+E
P
A
P
¥

+ o+

PR

{Courtesy George Fischer Engineering Handbook)
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9.9

Aggressive Medic

Chemicol Rasistance

Mecium

Bolling point *C

Focmuln Conceniration

Tempzratere °C

e
CAVC
ABS

PE

PR-H
PVOF ISYGEF]

EFDM

M
hBR
CR

7

C5M

Ammonium citrals

Ammonium dicromate

Ammanivm
dihydroganphasphaie

Ammanivm fluoride

Ammeaium formicts

Ammanivm
hexafluargsuilizate

Ammanium, hydregen
fvoride

Ammoniur
bydrogancarbenats

INFla Cry O; salurated

NH.F

NH P 50%, aqueous

100

14n

100

140

40

100
120
140

20

BO
100
120
140

(Courtes v George

Fischer Engineering Handboak)

Faat

o
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+

+
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Aggressive Media

Chamical Resistance

Medium

Formule

Baking point °C

Concentration

Tamperatura °C,

PVC
CPVC
ABS
PE
PP-H

PVDF ISYGEFR

EPDM
[

NER

EA

Ammonivn:
hydregenphesshate

Ammonium

hydrogensuliite

Ammaonium hydroxide

Ammaniura nitrate

Ammanium oxalate

Ammanium persulphoie

Ammonium phosphate

Ammonium sulphate

NHOH

MH NGO

HNCOC-COONH,

INH5,05

{NHasPO,

INH, 15T,

aqueous, cald
sclurated

QUUEoUs,
sorurated

saturated

aqueosus,
seturoted

r
<

100

140

20
40

80

| 100

120
140

20
40
40
100
120
140

.
++
Ft o4+

e o
4+ o+

£l
O+ +
O+ + +
oo+t

Fans

4

+ 4

44+
|

+ R+

R

F ok Aok

R

O+ +

R

s

+ ot A

oo+
O+ + +
CO+

O+ +

C+ +

O+ +

++
a++

l' CSM

+ o+

a+

(Courtesy George Fischer Engineering Handbook)
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Aogressive Media

T
i Chemical Resistancs

Medium

Formuta

Bolling point “C

Concentrotion

Temperaturs “C

P14

PVOF ISYGEF!

EPDbA

CR

Ammonium suiphide

Ammonium

tetrafluoroborcte

Ammanivm thiocyancte

Amyl acetote

Amyl elcahol 1SpRBI

Aniling

Aniline hydrochlaride

Antimony iacyenate

—_——

(Courteyy

INH,15

NHSCN

CH3tCHZ,-COOCH;

CHalCHz)xCHy-COH

[SRERNIEN

CoHtHE

14

137

182

245

ogueous, cll

saturaisd

technically pure

technically pure

technically pure

aguacus,
saturctad

100
120
140
20
40

100
120
140

40
190
140

-

L CO0 | CWC
T+ + | ABS
A

[P

PR
[sJe]
CO+

O+ +
b+
4+

t o4

o+ 4+
[

++ 4+

IR

o

D4+ o+ +

L O+

++

+ ok

+ o+

iy

r O+ | FPM

+ b+ | NBR

[soxe]

+

+ +

o

4+ 4 | CSM

O+ + +

George Fischer Engineering Handboolk)
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Aggressive Medie

Chemicel Resistance

Pedium

Formuic

Boiling point *C

Concantration

Temperature "C

PvC

ABS

PVDF SYGEFI

EPDM
s —

NBR
CR

Aniimeny richloride

(SpRBI

Acua ragio (Spk8]

Arsenic ocid

Barium carbonate

Baorium chloride

Barium hydroxide

Barium salts

Berium sullzie

§bCis

THNO+HHCI

HzAsOy

BaCO;

BaiOHl,

BoSO;

102

Q0% nqueaus

80%, agueous

saturated

aqueous,
saturated

aquaous, all

5888

120

o+ +

O+
++ + +

o+ +
iy

+ | CPVC

TR

R+ o+

+ o+

o+

4+

A

+

4

+
P

+

+

o+

4

+ o+

b+

W

+ +

o+

[P,

[

+

+ o+ okt

+ o+

P

ot

S8

[ —

+

O+ + +

4+

+ 4+
o+

+ &+

+'!cw

+ b

+

(Courtesy George Fischer Engineering Handbook)
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9.13

Chemical Resistance

Medium

Formula

am

Botling point °C

| Concentration

Temperaturs *C

ABS
PE
PRH

PVYDF1SYGEF]

EPDM
FPM

CSM

Bariuen suffide

Baltery acid

Beef tallow emulsion,

sulphonated ISpRE!

Beer

Benzaldehyde

Benzanasulicnic acic

Benzolc aeig

Benzayl chlorigle

Bab

sae Sulphuric odid 408

CaHy-CHO

CHS0H

£

Hs-COOH

80

for,
72

suspansicn

| usugh commercial

|

1
|
|
|
[ vsuel commercial

|
i
saturcted,
| aqueaus
|
b
|
Htechnically pure

|
|
|
|

/vecharc:lly pure

oqueaus, all

technically pure

40
&t

100
20
140

20
40

100
120
140

20
0
50

100
120
140

20
40
80
80
100
120
140

20
P
50

100
120
120

20
40
&0

100
120
140

20
40

BO
100
120
140

20
40

80
100
120
140

+ ok + + | CVC
+

P

}
4okt
-
L4+

e
+
v

O+ +
O+ 4+ +

RN

+

(e

++ +

ot

+ +

o

O+ + &+

(Courtesy George Fischer Engineering Handbook)
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Aggressive Medio Chemicol Resistance

Boiling peint °C
Temperature °C
CPVC

ABS

PE

FP-H

PVDF [SYGEFI
EPDM

FPM

NBR

Mediura Formula Concentrotion

O}CSM

Benzyl alcohol [SpRBI | C4HsCH,-OH 2

I~
&

technically pure 0

O+ +
O+ +
O+ +

¥
+++ICE

Berylium cHorids 0 +

Beryllivm suifale 201

ke

o
R

+ 4+

Borax MNagba Qs cquecus, all 20| =+

3

"
4+

+
o
EE
bk A
Fobt o+
okt

+

+

+

-

Boric acid MgBCs all, aqueous 20

2

o
+ + o+

o+
EER R B
R
+++ 4+
.
+ o+t
+ 4+

P

Brine, containing chlorine

Brombenzene CyH3Br

Bromine, iquid Brs 52 |technically purs 200-1-1-1-1-

G+t +

(Courtesy George Fischer Engineering Handbook)
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Aygressive Media

Chemical Resistancs

9.15

Medium

farmula

Beiling point *C

Concentration

Temperature °C

PYC
CPVC
ABS

PYDF [SYGEF]

EPOM
FPMA

MBR
CR

CSh

Bremine, vapours

Bromine water

Butndiene |GI/E!

Butane

Butenzdiol L5pR3)

Bulanol {SpRb;

Butyl acsrale

Butyl pheng, piediary

|

Bry

BrH,O

HoC=CH-CH=CiHa

CaHig

HOACHA,-OH

Cul4e0H

CHzCOOTHHCHCHCH,

1CHg1C-CaHu-OH

=]

230

126

237

high

saturated,

aquecus

iechnically pure

jechrically pure

auueous, 1090

tachrically pure

techrizally pure

lechnically pure

10

20
40

B
100
t20
140

o+
3

Q+
Q4+ =
i

R O+ + + +

o

O+ 4+ + +

O+

-+

+

+

+

O+

O+
Lo+

+
o+

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemical Resistance

Medium

Formula

Beiling point °C

Concentration

Temperature °C

e

CPVC
ABS
PE

cfl

FPI

Butylens glycal 1SpRE)

Butylene fiquid

Butyric acid (SpREI

Codmium bromide

Cadmium chloride

Caodmium cyonide

Codmium sulfate

Celeium acetate

HO-CHy-CH=Ch-CH,-OH

CiHe

CH3-CHy-CHL-COOH

CelBry

CdiTNZ

CdSO.

ICHsCO0LCa

163

technically purs

technically pure

technicolly pure

saturated

140

120
140

20
40
40
80
10
120
140

20
40

50
100
120
140

O+ +

o

+

A

+

e

+ 4t

+

+ +

P

-+

+ + 4

+ o+ +

=+

o

ERE

+ 4

+ ot

+ 4 | PPH
T+ + + + | PVDFISYGE

ot o+t o b o
Q+ ++ 4+

+
+ bt

+

b

o+

Q+

+ o+ o+

£t

. "Nﬂﬂ

{Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemicol Resistance

9.17

Medium

Earmulc

Bailing point °C

Concenlration

Temparaiure “C

|

PVC
PP-H

PYDF ISYGEF)

FEM
NBR

[

CSM

Calcium bisulphite

Calcium corbonate

Caleium chlorate

Caldium chlaride

Coleivm fluoride

Celeivm

hydrogencasbenate

Coleium hydiogensulfide

Colzium hydrosylfite

—~—
—— ]

CalHEO),

CaCCy

CalCiOsk

CaCly

Cal

CalSH

ColH504l

125

cold somurated,
aquacus

sohrared,
ogueous, all

saturcted

140
)

A0
80
100
120
140

40
0
B0
100
120
140

40
&0
50

120
140

40
40
80
100
120
140

40
50
80
100
120
140

10
&0

190
120
140

+
+ 4+ + + | CAVC

+ + | ABS
PE

)
t
44k

+
+ o+
.
-

Q
+
+
+ 4+

i
3
o

+ 4+ o+

IR

ot

+

+ &

P

++ o+ + o+ o+t

S+

B

O+ F + +

+ 4+

4+

+ o+ + 4

+

T

+ +

o

O+ + +

O+ + +

[#]

*

b+

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media LChemical Resistancs

NMedium

Formula

Botling point °C

Concentration

CPVC
ABS

PPH

PVDF{SYGEF

EPDiv
FPML

NBR

Calcium hydroxide

Caldium nikale

Calcium phasphete

Caleivm sulfide

Calcivm sulphate

Calcium sulphite

Calcium tungsiate

Cniciumbromide

CalOHls

CalNQaly

CalH POl
CaHPO,
CaalPOl;

Cal0y

ColHSOsly

Cabry

o
S

115

saturated,
oqueaus

50%, oquecus

suspensions

aqueous, cold
soturaied

55 5 | Tem lure °C
388884 pera

140

+++ | PVC

ER S

b

o

+

b+

+ o+

-

%

+ o+

P

[ +
4k

[P

JrRp——

)

EEE

o+t

+ 4+

o
+ 4t

+4+
+

+ 4 4

+ o+

O+ +

+

+ 44+ [CR

(Couriesy George Fischer Engineering Handbook)
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Aggressive Media

Chemical Resistance

Medium

Formula

Boiling point *C

Concantration

Temperalure °C

mC

i
ABS

=
5P

PVDE ISYGEF

2POM

NER

Calciumiaztata

Ceproloctam

Capralacicne

Carbon dioxide

~carbonic acid

Carbon disulphide

Carbon tetrachloride

Carbanic acid

Caro's acid

Casein

———

{CHaCOQKLCa

CeHipNG

Caies

CO;

cs,

see Peroxomanasulfuric ocid

44

saturoled

technically pure,
anhydreus

smchnically pure

technicelly pure

(Courtesy George Fischer Engineering Handbook)

FE—

T
ot

1.
.
4t

-H

+ okttt

+

+ T+t

+ 4+

+ o+

+

+

L

o+

PR o

+
g

ok
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Aggressive Medic

Chemicol Resisience

Medium

Formula

—

Boiling paint "C

Concanirafion

Casium chioride

Casiumhydraxide

Coustic potash solufion

tpolassium hydroxide)

Coustic sodu solution

Cerivrn (1] -chloride

Chloral hydrate

Chioric acid (SpREI

Chioric odd {SpRB)

foilat)

KOH

NaOH

CCI-CHIOH),

HCIO,

13

98

50%, aguecus

504, aquecus

technically pure

10%, cgueous

20, coueous

T% s 3 Temperature °C

EEE

2858

100

140

40

80
160
120
40

80
100

140

140

160

120
140

20

&0
&0
100
120
40

O+ +

O+ +
+ 4

+ 4

EPOM
FPiv
MER

+ 4+

+

+ 4+ + | PVDFISYGEF)

+ 4+

+ 4+

+ &

O+ + +

+

e

e
JCSM

{Courtesy George Fischer Engineering Handbaok)

SRR

SO+

s

+ o+




CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

Aggressive Medic

Chemical Reststance

8.21

Medivm

Boiling point *C

FPH

Formula

ARS

PE

Ceneenfration

EPDM
FPM
NBR
CR

CSi

Chlarosulphonic acid

Chreme clum
{chremium potassium

sulphatel

Chromic acid [SpRB

Chromic acid ISpRB]

Chramic ocid
+ sulphuric ocid
+waoier (SpRS|

Chrermivm [ -chloride

Chromium [ fluuride

Cheomium (1) ~chlorde

o | e
c

CISOaH

o
®

technically pure

+ O | PYOFISYGEF)

saan Temperelure *C

KCHSO,12 cold satuegted, 20
agqueous 40

+++
T+
I

CrOs+H,O up ko 50%, 20
oquecus 40

00
o0+

OO+ + ++

all. aquecus 20

o]
o]
o]
o]

]
QO+ + +

CrOg S0g W +{+ -1 F-
HaSO4 i5g A0+ |+
HO 35g &i0F+

O+ ++

140

3
+
+ o+

B

Cify €K +

120
140

crcly 20+

PR

&)+
an E -
100 i

120
110

B ——

(Courtesy George

P .

Q00

L

"

+ o+ o+

+ 4+

[sale] + 4+

Qoo

Fischer Engineering Handbook)
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Aggrassive Madia

Medivm

Formula

Boiling point °C

Concentration

Temperaiure “C

e
CPVe
ABS
FE
PP-H

PVDF (SYGLF)

EPDM
FFM
NBR

CR

Chlorine

Chlerine

Chioring

Chlorins water |SpRBI

Chloroacelic acid,

mono {SpRBi

Chloroacstic acid,
mona {SpRE)

Chlorobenzens

Chisrosthanel

Cly

Clh

Ch

Cly 4,0

CICHLCOOH

CICH,COOH

CeHsCl

CICHy-CH,OH

188

132

129

maoist, 97%,

gaseous

onhydrous,
techaically pure

liguid, technically

pure

soturated

50%, cqueous

technically pure

technically pure

technically pure

FN]
[sX=}

140

00

r
O+ o+

O+
ok
4+

3o
+ 4+

O++++

SO+ 4

L 00+

o I CSM

(Courtesy George Fischer Engineering Handbook)




CHEMICAL RESISTANCE OF PLASTICS

AND ELASTOMERS

£.23

Aggressive Madia

Chemical Resistance

Boiling point °C

Medium Formula Concentration

Temperature °C
PVC
CPVC

5

EPOM

FPM

NBF
ck

CSim

Cheomium (L) -nitrcte CANOaly

B

Chromium [} -suffate CraAS0,)5

Cider

Citfie acid Fp. [ 10%, cgquesus

“152

Ciirie aaid

Cirle acid up ta 10%

Ceal gos, banzene frae

Cacony;
ISpk Br;w fat cleahol technicolly pure

e

—_—

b
=]
+

140

&
O+ +

+
++ +

+

126G

100 ot
140 l

B
=]
+

r

120
140

20
40

a6
100
120
140

W+ =+ +]|+]+

4C

1C0
120 H
140

a ’

20+
407 +
010

O+
a4+

100
120
140

!
PRH
+ 4+ + 4 + | PYDFISVYGER

3
+
"
.
- oAbt ok kb

4+

+ 4
o+

O+

I
a+

++ o+

O+

(Courtesy George Fischer Engineering Handbook)



8.24

PLASTIC PIPING HANDBOOK.

Aggressive Media

Chemical Resistance

Medium

Formula

Beiling point *C

Concenlration

Temparature “C

C

CPVC
ABS
fE

PP-H

PVDF (SYGER

EPDM
FPM

CR

Compressedair,

contoining oif 15pRB)

Copper salts

Corn il [SREI

Cresel

Crotanic aldehyde

Cyclohexane {GQ/E)

Cyclohexancl 1SpRE!

Cyelohexanone

CuCl, CuCly, Cufy,
CUNTgly, CuS0,,
CulCNI

HO-C3H4-CH;

CHa-CH=CH-CHO

Catiz

CHinzO

CeHil

&l

161

all, aqueous

iechnically pure

cold saturated,

agueous

igchnically pure

tachnicolly pure

technically pure

technicolly pure

100
120
140

100
140

20
40

100
120
140

40
60
80
100
120
140

o+
O+t

++ + +

oo

+ +

+

O+

£+ o+

00+
QO+

o]

+ o+ o+

4

o+

+4 ot

+

O+

o+

L 0O+ +

+H+E ot

a

i

+

T I MR

[ele]

QO+ +

(Courtesy George Fischer Engineering Handbook)



CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

9.25

Aggrassive Media

Chemical Resistance

Medium

Formula

| Concentraticn

Temperature “C

PC
CC
PRH

PVCF (SYGER

EPDM
FPM

NBR

TS

Densadrine W

Defergonts [5p3BI

Dexfrine

Dexirose

Dibutiyl sther

Dibuty phihekate

Dibutyl sebacote

Dichlorbenzo|

Dichlerageatic oc id

———

sze woshing powder

1C:H;0O0s)

siehe Glucose

CyHeOCTaHe

CoHACOOC, Holy

CaHolCCOC,Haky

CeHiCl:

CLCHCOOH

142

344

18

(=1

o
=

340

I
i
|
|

| for usuol washing
| lothers
|

iy

| cl commarcial
i
i
|
|
|

sechnically pure

technically pure

technically pure

technically pure

technically pure

Gamablo
BE8388

140

100

140

+ o+

F_—
O | ABS
PE

+

4
+ +
+ o+ 4

+
o

ot
o+t

CO+
OO+

Q+ +

R+

¥

+

o

+ o+

+++ +

¥ b

+

+ o+

T |[cr

++ +
[

jegele]

SO+

(Courtesy George Fischer Engineering Handbool:)
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Aggressive Media

T
E Chemical Resistance

sdivm

Formula

Temperafure *C

vC
chvC
85
FE
]

P

PVDF (SVGER

EPDM

FPM
NBR

Gichloroocetic acid
(SpRBY

Dichlsroacstic ocid
mathyl esier

Dichlorcathen

Cichlorcethens

Dichleromethone

Dissel cil |SpRE, Q/EI

Dietwl ethar

Diethylumine

Ciathylene gfycel butyl
ether

ClL,CHCOOH

ClhCHCOGCH,

Erhylene chicrids
CICH=CHCI

|
i
|
|
|
|
i
|

TCoHslNH
[
|

i
& | Concentrotion
1
| 50%, aguecus

{

143

i fachnizaliy pure

60 | rachrizelly pure

56 |technically pure

e
3O

=
3
o+ +
b+
-

N A
e

=}
=3

e
ah

60 lo

+lol+]o!

C O+ +

-+

bt

O+

+ o+

IR eRs]

.,.
n

O+ic.»z
O++{CSM

C+ +

(Courtesy George Fischer Engineering Handbook)
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Aggressive Medis Chemical Resistance

ture “C

Medium Formulo

Boiling point “C
Tempera

e

CRVC.

PVDF LSYGEFI
EPDM

FRM

NBR

+ | ABS
PE
PP-H

Conceniratien

CR
o | €5M

Diglycalic ocid 15pREI HOOC-CHa-O-CH,-CO0H 30%, aquecus 20

+

8
+
o
v
+
+
]
v
+

2
++ +
+ 4

%

Di-iscbutyl ketone {ICH2CHCHLCO 124 Jtechnically pure i e N Sl--1-1-

5
+

140
Dimethyl formamide ICH3$.CHING 153 [technically pure 00-1-1-1+{=+]- O-10|++

5
!
4

14¢

Dimetbylamine ICHglNH 7 |technicatiypurs | 20| |- |4l
40 -

o
G

i00
120
14C

Dinethylohihalate CLHICH, 200
(DMP)

40

Q
+
]
+

[?Jir’l\fnl\dphrhulcla technicelly pure 200 -1~

%g;&l‘!ephfhalumlﬁpﬂw technicalypue | 20| - | - |- |O |+ Of+|-1-

140

Dicxone CiHaOs 10

technically pure [2Z0| T BN S S

=
=]
+

. 000

Drinking water see water

m——

(Courtesy George Fischer Engineering Handbook)
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hggressive Media

Chemicol Resistonce

Madivm
Ethanclamine

Ethyl ocslare

Ethyl alcohol + acstic
ocid
llzrmentation mixturel

Eihyl alcohal

(Ethnacl [5pRE)

Ethyl benzene

Eihyl chloride

Ethyl ethar

Ethylenchlaride

i1,2-Dichloraetonal

Ethylene chloride

Formulo

Concznteation

Temperaturs “C

A
CRVC
ABS
PE
PR

PYDF [SYGEF!

EFDAM

BR

see Annino ethencl

CHyCOOCHCH,

CHy-CHy-OH

CaHs CH,CHy

CHe-CHC

CHaCH-O- CHoCHs

CICH,-CH,CL

77

83

|
|

|

|

|

|

technically pure

technically pure

lechnically purs,
94%

technically pure

technicolly pura

technicaliy pure

technically pure

160
120
140

40
&0

100
120
140

20
40
40

180

120
140

40
50

100

120
140

OO+
[eRa ]

O+ +
F

O+ +
+
IR

&l

O+ ++

Co+

CaF

[eXe]
oQo

++
[k he]

o0
o

: FPM.
. CR
! C5h4

(Courtesy George Fischer Engineering Handbook)

+ + o+




Aggressive Media

CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

9.28

Chemical Resistance

Medism

Formula

Bailing poirt “C

Concentration

CPVC
ABS
PE

PP-H

EFDM
FPM

MEBE

Eilylene dicmins

Etylsne gly<ol (SpRBI

Ethylene glycel

Eylene oxide

Etylenadiominetetra-
oceiic acid
[EDTAI

Fatty acids >, ISpRBI

Fatty alcahol suiphonates
1SpRB}

Fertlizer;

Hold-Cry-CH-NH;

HO-CHa-CHy OH

CH,OHCH,OH

CHeCH,

R-COCH

<

19

®»

%]

technically purs

technically pure

technically pure

meist

rechnically pure

agueous

aquetus

technically pure,

o
@
2
3
@
a
§
&
20
40
)
a0
100
126
140
20

140

o | e

4+
o+

++

+ + +

O+ +

+ 4

b
+ 44+t

1
oAb

F
P

[

T OO | PUDFISYGER!

+
N eXe]

P—

-

ik R

-+

O+ + +

o+

+ +

B

O+ +
O+ 4+

+ o

-

50 [ CoM

Ot 4+

-

(Courtesy George Fischer Engineering Handbook)
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Aggrassive Media

[Chem;’:a\ Resisiance

Medium

Formulg

Concantration

Temperature °C

PVC

CPVC
ARS
PE

PP-H

PVDF {SYGEF!

EPDM

[Femd

Fuosine

Fluorasiiicic acid {7 F1

Formaldehyds (SpRS!

formamide

Formic acid [SpRE}

Formic acid [SpRBI

Formic acid {SpRE!

Freon 113

Frigen 1210/P

2

HaSiFs

RCHO

HCONHz

HCOOH

HCOOH

see Iriflyere, frichiorethene

sea Frean 12

210

10

tachnically pure

3206, aquaous

4(Rb, aqueous

techrically pure

up to 500,

agquscus

technicolly pure

25%

technically pure

100
120
t40

A
40

[{es]
120
140

204 +

&0

100
120
140

20
A0

50
el
120
120

20
40

100
120
140

o+

+ +

++ +

+

.

+ o+ + o+
O+ +
P

+ o+

P

+ +

o+

+ o+

R

b+

e

okt

FR—

+ +

e R

"CR

. fcsm

.IWB?

O+

O+ +
+ O+ +

C O+
o+

{Courtesy George Fischer Engineering Handbook)

O+ ++



CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

2.31

 Aggressiva Madic

Chemical Resistance

fedivm

Formula

Boiling point “C

Concentretion

ABS

PE

PYDE ISYGER

EPOM
FPM

C5ht

Feutt juices (SpRBI

it pulp

Fuei ail

Furfuryl alcahol |SpREI

Gusoline [SpRaI

Gelaiin

Clucose

Shycersl

T——

CsHaO2

Tz to CioHzb

CeHiOy

HO-CHo-CHIOR-CH,OH

-
130

e,
148

290

technically pure

free of lead end
oromofic
compounds

all, aquecuys

all, aquecus

technically pure

4+ + | PVC
+ o+ 4+ | CPVC

+ ot

O+ +

+

+ ok + r

P

PR

-

+

+

+

+ O+ + + o+

+

+ &

+ o+ o+

+ o+ o+

|

okt b+

+

Pk kR

ok

dok b b

PR

bk

[s¥al 3
o+ +

O+ + +

[

-

Rl

¥+

4 A4+ o4 4 | NBR

+ o+

+ 4+ + | CR

O+ +

4+ +

+ o+

O+ +++
C++++

+ A4

+

++

(Courtesy George Fischer Engincering Handbook)
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Aggressive Media

Chemicol Resistanca

Medium

Formula

Bolling point °C

Concentation

T

PP-H

PVC

EPDM
FRr

MNBR
CR

Glycocoll ISpRBI

Glycal

Glyeolic oeid

Heplane [SpRB!

Haxane (SpRBI

Hydrazine hydrate {SpRE]

Hydrobromic ocid (5pRBI

Hydrochloric acid (QUE,

el

Hydrachloric acid IGI/E,
LY

NHo-CH,-COOH

sec Ethylens glycol
HO-CH,-COOH

Gt

Cottis

HoN-hiH, . H,0

HEr

HCl

HCI

ek
(A

.7,
80

98

49

113

124

10%, agueous

37%, agueous

technicolly pure

technically pure

aqueous

agusous, 50%

up to 38%

5%, aquecus

g g é zeam Temperature °C

140

140

+ + | ABS
PE

44
+

+ +
b+ + | CevC

¥
+ 4

T
A+ + 4+

+
O+ + +

+ ot
+ 4+
+

o
+ + 4
O+ + -+

PR okt

+++++

+

E

A ok + +

[

+ + + + | PYDF ISYCEF

L O
O+ 4

PR

+ o+

+ &

[P

o+

4

-

o e

ot
O+

DRe EOE

o+ ™

C O+

COF

C+

(Courtesy George Fischer Engineering Handbook)



CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

.33

Aggressive Media

Chemical Resistence

Medium

formula

Bailing paint °C.

Cencentration

fure °C

femperal

PVC

ChvC
ABS
PE

P

PVDF ISYGEFI

EPOM
FRAA

Hysrochloric acid
IG/E, DIF

.
Hydrachloric acid [G/E,
Die

Hydrechloric acid

IG/E, D/P

Hydrocyanic ocid

Hydrefuoric acid

Hydrogan

Hydrogan chioride 1GH/E)

Hydrogon peracide

HCi

HCi

i

HCN

HF

HC

26

<2583

-85

|
i

1%, oqueous

up fo 30%,

aguecus

36%, equaous

technically pure

techpically pure

tachnically pure,
gasecus

0%

120

40
100
120
140

140

O+ + O+ + QO+ +
+ o+ ¥

QO+ +

00+

IR

+ 4+

S

Q-+ 4+

+ o+

+

+ + +
C O+
ok bkt

o o

+

+ 4+ +

+ 4
I

P

¥

-
+
o]
o
|

ok ok

Rt

Fo A

R

Qo

+

+

iRels]

b

e

G+ +

+
+
=1
+
&

.o | NBR
O CR
P k)

R

+ o+ o+ +

O+

b O+ +

[efe]

{Courtesy George Fischer Engineering Handbook)
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Aggressive Madic

| Chemica! Resistance

MMedm

i
(

Formula
)

o

E
g
a

Hydrogen peroxide
ISpRE}

Hydrogsn percxide
1SpREN

Hydrogen peroxide
1SpRey

Hydrogen peroxide

150RB)

Hydregen sulphida

Hydrogen sulpnida

Hycroauinone

Hydrosulphite

Fydrowyiomine sulfote

[HA0;

CoHACH,

see Sedium dithione

103

Concentration

Terperciyre “C

NC
CPVE
ABS

1

e
=

EFDM
PP

NBR

%, aqueous

109%, equeots

©0U6, aqueous

30%, agueaus

technically pure

saturaled,

aquacus

saluratad

120
140

20
40
a0
uo
130
120
140

20
40

80
100
120
140

120
140

b

+

+

s

&

;
|
|
|

|

+ 4 -

H
O | PVDF iSYGEF

+
o

+ 4+

+ 4
¢

+ o+

B

R

e}

O+

Q4 4 =

o+

JC?

f C5m

C O+ +

00+

COF

{Courtesy George Fischer Engineering Handbook)
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Aggrassive Media

Chemical Resistance:

Medium

Formula

Boiling point °C

Concentralion

Temperature °C

PVDF ISYGEFI

EPDM
FPivi
MBR
cR

T5M

Hydroxylamine sulphofe

logine-potassivm lodide
solution
liugel's sohuicn)

locium

fron {lit -chloride:

Iran (i} -chlorice

Jron i1} -nitrare

fron Ul -chloride

on 11 ~chloicle

(NHL0HISO,

FeCl,

FelNC4i,

T

all, aqusous

soturctad

saturatad

saiurnied

saturated
1
|

1

saturated

120

140

P

+ob o+

. PR

PR

P

+ o+ + o+ o+

Bt

£

o+t

F— o+ T

P —

+ ok

+

R ottt IR

R

&

b+

+ o+

+
PR

O

+ +

+ A+ F

+

+

B I

bk

o+

s}

+

4

(Cour tesy George Fischer Engineering Handbook)
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Aggressive Media

Chemicol Resistance

iediom

Farsmnula

Bofling point *C

Concentration

Temperature *C

PVC

CRVC

PE

PP-H
PYDF ISYGER!

EPDM

EPMA
NEBR
[

Yron #il) -chicridsulfate

fron 1111} -nitrate

Lon 111} -ritrate

Jron (1] -sutfcte

lron 1ill -sulfaie

iron {1} -nitrcle

Iron i -sulfate

fon [} -sulfote

FeiNCals

ForlS04l5

FEINGIS

Fe8C,

salurated

saturated

saturated

soturated

sofurated

saturated

salwated

safuratad

140

.
R

o+

+ | ABS

+
4
+

o+

++ o+

PR [P FE—

+ 4+

b

+ o+

A

+ 4+ +++

-

et

+ b+t

+k+F o+

-

+ o+

o+

&

+ok b

-+

bk

ER

+

o+

1

e + 4+ + o+

+ o4

o

CSh)

(Courtesy George Fischer Engineering Handbook)



CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

Aggressive Media

Chemical Resistance

Medium

Farmula

Boiling paint °C

Cancentration

Temparature *C

PVDF {SYGEF)

EPDM
FPM

NBR

Iron solts

lsoocions ISpRBI

lsaphorane (SpRBI

Isoprapyl cleahol 1SpRBY

Isaprepyl ether

\sc_«prnpylbmzene

Jam, Marmalade

loetic ceid 1$pRg)

—

{Courte

1CH)y C-CHa-CH-ICHal

[0, [¥e]

{CHz) CH-OH

1CH gk CH-C-CHACH; )

CHyCHOHCOOH

82

ail, aqueous

technically pure

technically pure

technically pure

technically pure

10%, agqueaus

Py
=]

100
120
140

20
40
&0

100
120
140

100
120
140

20

&0
€0
10C

140

O+ + | PNC
+ + -+ + | CAVC

OO+

+

+ 4+

+ + | ABS
PE
PP-H

+
ok

R

+
o+

R

e

b

QO+

+ o+

B

OO0+ +

+ 4+
+ok o+

4
+ o+

000
Qo+

,‘
++ o+ | CR

i

+

PP )

Qo0

Sy Gearge Fischer Engineering Handbook)
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Aggressive Madio

Chemical Resistncs

Medium

Leralin [SoRBI

lead acstote

lead solis

lecdearbonate

Leadniirats

leadaiulz

tecdiemafiverborrts

tincleic acid

Formula

Conesnhmtion

Tmprrafure®C

PVC

CrvC
ABS
PE

PP-H

£F)

PVLF ISYGH

EPDA
Flivh

MBR

FHICHCOC!,

PbCly, PLING3k, PbSCy

PLING;12

technically pure

aqusous,
saturoted

salurated

B
O+

140

140

&0

160
120
140

20
40
&0

00
120
140

20

&0
80
izl
120
147

Fa

R

+ 4+ a

FRE_—

pap—-

A
4

-+t

o+t

okt

g

R 3

R

+

R

P

CR

o+

.ofcsm

4

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media Chemicel Resistance

Builing poinl "C
Temperature "C
PVC
CPYC
4 | ABS
5
PP -
PVDF (SYGEF)
EPDM
fPid
MNER

PRt

Medivm formula Concentration

T o+ |G

5
=]
++
b+

Linseed ail 1SpRBI techrically pue 20

-
b+
o+

o CR

L
+
g

v
+

Liqusurs 20 +

.
3
I

Liquid fertilizers 20

ok

Lithiumbromide tibr 20(+ |+

Lthiumsuliate 20|+ | |

Lubricating ails 5 : 1

& |
=
+
<
t

C O+ o+
O+ +
O
O+

Magnesivm saits MgCly, Mg COs, MgiiNadl, all, 20
MglOHl, MgSC, agusoussoiutaiad] 20

+ o+
+

+,
+

+ 4+ o+
+

fd b
+ ot
+

[P
+
+

Magnesiumhydrogan.
carbencre

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemicat Resisiance:

Wedium

Formula

Boiling point “C

Concentration

Temperoture °C

e
VG
ABS
P

FVDF (SYGEF]

EPOM
b,
NBR
Ck

Malaic ocid {SpRE

hiedia water or similar

media

Mercury

Niercury (] -chioride

Neccury Il <eyanida

Mearcury Il -cyonide

Mercury (Il -sulfate

Mercury salts

Mefhane

(CH-COOH],

Hg

HaClz

HglCNI2

HgINQ3h

HgNO3, Hg Cly, HalCNyg

see nolural gas

b=y
=T
@

357

-141

celd salurated,
agqueous

pure

cold saiurated,
agqueous

technically pure

L]

x¥=]
=3

140

100

140

140

+
Y
n
o+t
o+

I
4
+ 4
n
[

+ 4+t
+
+ 4

*
okt

+
s

+ 4+

++
o+

+ o+

o
4

+ 4+
ok
ot
o+

O+ +
o4
+ o+ +
+

R

b+t

o+

[

i
+
e
+

P

o+t

+ 4+ 4+ + ++

o
+ ok

i

+ 4+ + o+ FET

[

i
r Q0

R 1

&

i

+

4

3

ot

TR

o]

. iCSM

R ++ ¥ b+ + + o+

o0

(Courtesy George Fischer Engineering Handbook)
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9.41

Aggressive Media

Medium

Fermule

Concentraticn

lemperature °C

i Chemicel Resistance
1

|

PvC

CPYC
AB3
PE

PE-H

EPDM
FPM

CSh

tethono! [SpRBI

Methy! aceiate

Methd cmine

ety bromice

Methyl chloride

Metny cthyl ketono

Methylene chioride

.‘x‘t?lhy]iscbuwlkmon

CHLOH

CHyCOOTH,

CHyNHp

CHafr

CHC

CHRCOCH;

CHaCly

CaHiz0

|

a0

all

tachnically pure

32%, agueous

technically pura

fachnically pure

technically pure

technically pure

140

20
40

80
100

140
20
50
50

100

140
20
0
&0

100

120
140

O+ +

+ 4+

O+
20+

¥

+ 4

O+ +

. Q+ | PVDFISYGEFR

NB

&

o0+

bt
ooQ

+ 4 + | NBR

O+ CR

ok

{Courtegy Gevrge Fischer Engineering Handbook)
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Aggressive Media

Chemicol Resisiance

Medium

formula

Boiting

*C

peint

| Cencentration

Temperature °C

PVC

PP-H

PVDF ISYGER

EFDM
FPRd

’ NER

r CR

Methyimsthocrylate

’ Methylphenylketone
fAceiophenon!

Mk [SpR8:

Mineral oils, frae of
aramolies

ineral woter

Mixsd ocids
= nifric
- hydrofluaric

- suishuric

Mixad ocids
= sulphuric

- nilric

- wioter

Nixed ocids
- suiphuric
= nitric
=wolsl

CoHaO2

CaHsO

15% HINGY,
13% HF
18% HpS0

3 poris
1 part
2 purts

5%
499
4396

140

40

100
120
140

20
40

80

120
120

20

80
80

120
140

20
40

100
120
140

20

A

50
100

120
140

+ o+

[P
P
+ 4+

O+ 4+

FEpp
+ 4+
+ 4+

O+ + b

.

+ + 4 &

o+

i

b

+

P

Qo+

+ -+

g OE b

+ 4+

‘ C5M

+ 4+t

O+

(Courtesy George Fischer Engineering Handbook)



CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS 9.43
Aggressive Media Chamical Resistance
7
% 5 bl
£ 5 5]
g : .
£ =S g s Blel=] =
Medium Formaule & [ Concentration E g ) g_ W S ﬁe.‘ g § 50
Mixed acids Ha50y 10% 0,00} - - 10
- sulphuric HNC; 8% 40
- pifric H,G 43% 50
- water 80
100
120
140
Mied acids H=50, E B+ |+-]- + -0
- suiphuric HNO; k) 401 Q
- nitrie o 17% 43
- water 80
100
120
140
Mixed acids HzSOy 1% Wi+ |+ -{O! -+ + O+
- sulphuric HNO; 20% 0] + b + o
= nilric HaO 0% 60 A +
- water 80 +
100
120
140
Mixed acids HaSC0 309% 200 + B +|-|00
- sulphuric HMNOy 31% 40
= nitric HaO 1% 40
- waisr 80
100
126
140 |
" Mixed acids H,S80, 30%% 00+t -1l + |- +§+
- sulphuric HsFO, 40% A0)+ |+ OO+ + (s Re]
« phosphoric HaO 10% 40 + -+ 4
~ phosoheric BQ +
100
120
140
Molasses D+ e |+l+]+14 + i+
AW+ +|+j+1+ ]+ + i+ |+
OO |+ +j+[+1]4 R E R
80 + + L R Ao R
100
120
140
Melosses wort i HE A R T R A Fh |
401+ |+l etr |+ Fi+ |+
B0+ [+ P+ H it +i ]+
80 * 3
100
120
140
Mencehloroacetic ocid | CICH,CO0CHs 44 |mchmicaly pue | 20{ - del+lo o .
- &thyl sster 40 o
&0 + |
80
100
120
140 |
—— i

(Courtegy George Fischer Engineering Handbook)
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Aggrassive Media

Chemical Resistance

Wedium

Formula

Boiling point “C

Concentration

Tempsratura "C

e
e
ABS
PPt

PE

PVDF ISYGER

EPDM
FPRA
NER
R

iorphiolin

Mowilith D

aphthalens

MNatriumhydrogensullite

NatrivmsuHate

Natriumtstrabarate

{Borox}

Nickel salts

Nirafing acid

C.HNG

NaHSO;

{CHCOORN, MiCh, NINO,12,
NI 54

2504
HiNGr,
HO

g

218

techricelly pure

usval commerciol

technicolly pure

cold saturated,
QQuUEoUs

65%%
15%

20%:

140

140

+ 4+ 4
++

+ +
+

+ 4+
ok
o b
ok

+ ot
R
+ o+
)

o+ +
T
-
P
+ o+

4

O+ +

O

R

[ Y

+

Fa—_— o+

+ ot

+ +

[ I

o+

+ e

+ 4
+ 4+
b

oo

(Courtesy George Fischer Engineering Handbook)



CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

Aggressive Medla Chemical Resistance
8] &3
5 B =
E g o]
: :
o 8 9] = =
& o = & o =
= [ - ] o o=
Medium Farmule & | Concentration ,;‘EE £ LL; Zlelxlz SiEEsG
Nitrlc ocid {SpRBI HNO, 200+ |+ +lot+ e
400+ | + + +
00+ |+ + +
80 +
100 ¥
120
40
Nitric acid (SpRBI HNOy 2|+ -+ |+]+ + i+
a4+ | + +10C |+ +
S0+ |+ + +
80 + +
. 150 it
120 ]
140
Nitric oeid up to 55% b0l IR B T I I +
1S0R8) 4014+ il
&0 i
~ 80 i
100 i
120 |
140 !
|
Mitric acid sea Sclpetre 8,35, equaous J‘
{see note 2.3.1 on jainiing| |
(SpRBI
Nitric acid sae Scipetre up 1o 405,
lsee note 2.3.1 on jointing} aqueous
1pREN
Nitric acid 588 Solpetre £5%, aqueous
bsze note 2.3, on joinfing}
1SpREI
Nitric acid ses Salpelre 10086
{sze nos 2.3.1 on jointing) !
(SpRB)
Nitic acid see Solpeire 45% |
Isee note 2.3.1 on jointing]
1SpRBI |
Nitric oxide: sea Mifrous goses |
Niloriacetic neid MICHCOOMI 20 +t +
40 |
40 i
80
160 |
120 2
140 i
i
Nitrohenzene CgHs-NO, 209 |technically pure 20] - S G
40 Qi+ 0}
40 8] -
80 i
100 i
120 |
140 i
i

(Courtesy George Fischer Engineering Handbook)
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Aggressive Madia

Chemical Resistonce

Medium

Formule

Temperature °C

PYC

CPYC
PVDF (SYCGEF]
EPDM

FPRA
NBR
R

Concentration

Nirotzlvene (o, m-, p-)

Mitrous acid

Nilrous goses

N-Methylpyrolidon

NN-Dimzsthylaniiine

n-Fentylacetate

Clsic ocid |SpRB!

Clsutn |SpREI

Qlevm vapours 1SpRB)

ol
¥ JCSM

,,
O+ | PPH
o

222- [ tachnically pure
]

EFEY
O+ + ++

HINO; 200+

4
¥
+
¥
¥

140

saa Nikic oxide diluied, moisi,
enhydrous

W -0 1-
A0
&0
BO
(3]
120
140

CaHsMNCHglz technically pure 00--]-]+1+ +

120

C)7H32CO0H achnicolly pure 20|+

e
[=]
+ 4
O+ +
QO+ 4+

&
=3
P

Hz50u+5C, 109 503 el -1-]-]- c e e e

140

iraces 2004+ -1-1-1- =] ]-]0

50
100

140 _L

(Courtesy George Fischer Engineering Handbook)
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9.47

Aggressive Medio

Chemical Resisionce

Medium

Farmula

Boiling point °C

Concenfrofion

Tamparature *C

Ve

e
ABS
P

AP

PVDF ISYGEF

EPDM
FPAA
NBR

CR

CSM

Clive oil 15RBH

Ciclic acid ISpRBI

 Ozone I5pR3)

Osene (5381

Paln cil, palm nus ol
SpRal

Palmitic ocid 1SpRBY

Forsif soulsiang

|

ICOOH!,

CysHy COOH

390

cold safurated,

aqusous

technicelly pure

up ta 2%, in air

cold saturoted,

agquaous

technically pure

usual commerciol,
oqueous

100

140

4

+

O+ + +

F

O+ +

O+
O+ o+
4+t

O+ o+

o+ 4 R

O+ +

QO+ + ++

O+ +
++

+ bk

+ bt

O

o]

EE e

o+

O+ F o+ o+

+ o+

Lo+ -

R

o+

O+ +

0

S+ +

.

-
O

o]

AN

O+

C -
(Courtesy George Fischer Engineering Handbook)

IR

+
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Aggrassive Media

Chemicel Bosiskanze

Medium

Formula

Boiling point °C

Cancentration

ture “C

Tempers

PVLF ISYGEF)

Y]
NER

Parcffin oif

p-Libroma benzene

Paerchlorethylane

tretrachlorsihylenal

Ferchlorict acic {SpRB)

Peschloridd oeid [SpRAI

Palralesm

o

Fetroleum ether {SpRS)

Phenol 13pREB)

CeHshis

CLC=CC,

HTIO,

Cotls-OH

e

40-
7

182

technically pure

technically pure

10%, aquecus

70%, equecus

technicolly purs

technicelly pure

up to 10%,
AUEaUS

100
140
20

40
60

- 100

120
140

20
40

80
100
120
140

20
40

80
100
120
140

20
40
40
80
100
120
F40

20

40
Lile]
100
120
140

PWC
+ | CRAVC
ABS
PE
PP-H

O+ +

o
n

i 4

P
]
ER R

s E

+ -
b

o0+

O+ +
E IR

+
QO
OO+

FRE O

b
P

forsmss

O+
O+ ++

ol

+ +

O+ o+

O+

O+ ++

QO+

L QO+

: olcs.u

O+ +

(R

(Ceurtesy George Fischer Engincering Handbook)
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8.49

Aggressive Media

Chemical Resisianca

Medium

formulo

Bailing point °C

Concentration

Temperetre *C

PyC

ABS

PP-H

PVDFISYGEF!

EFDM
FPhA

PMER
CR

CEM

Phenot [SpRBI

fheno! ISpREI

Phenylydrazing

Phenvihydrozing

fydrochloride

Phasgene 1SR

Phosgena 15pRE)

Phesphate disodique

Phospheric acid

Fhosphoric acid

CaHs-OH

CaHs-haH-NH;

€ aHs NH-NH,HC

COC,

sze disodiumphesshaie

HsPOy

TTTee——

243

up to 3%

up o 9C%,
Gquenus

technically purs

adqueous

liuid, technically
pura

gozeous,
tachnically pure

satiraiec

up fo 30%,

agueoys

509, cquacus

166

140

100
120
140

40

100

120
140

O+ + o0+

-

+ + | CPV

4

O+ +

O+ +

O+ +

o

++

o

Tkt
O++++

+ 4

N

+ 4 +

e

oloFs
o+t

O+ +

++

P —_—

ok

(o
O+ ++

O+
O+ +++

o+

O+ -

SO+

Q+ + +

(oo
O+ +++

PO+ +

O+ + +

Courtesy George Fischer En gineering Handbook}
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Aggressive Media

Chemical Resisiance

Madivm

Farmula

Boiling point °C

Concenirafion

PE

PP-H

PVDF ISYGER

EFDM
FPivi
MNER

CSM

Phospheric acid

Fhesphoric acid

Phosphoric azid

Phosphoric acid tributyl
aster

Phosphorous chiorices:

- Phosphoraus trichloride
- Phospharous
pentachlaride

- Phospharous oxichloride
(SpRBI

Pholographic devaloper
(SpRB]

Phetegrophic emulsions
(SoRB}

Photegraphic fixer [SpRBY

HaPCy

PO,

{HaCyOI3P=0

PCly
PCIS
POCH

175
162
105

B5%, aqueous

technically pure

usual commerdiat

usyol commercial

s | Temperoture “C

100

140

T+

O+ +
-

+
+
+

P

O+ ++

+

O+ + | ABS

o+

+ 4

O+ +

O+ +
+ o

+ +

+ + O+ +

+

+

Fb -t

+ 4+

okt A4

b+

okt

o+

O+ + ++

O+ 4+

4+

(Couriesy George Fischer Engineering Handbook)

O+ + [ CR

+




CHEMICAL RESISTANCE OF PLASTICS AND ELASTOMERS

Aggressive Media

Chemicai Resistancs

Medium

J Formula

Boiling peint °C

Concentration

Temparature *C

PVC

e
ABS
PE

PP-H
| PVDFISYGEF)

EPDM

FPRA
NER

Phihalic udd ISpRB)

Phihalic acid diociayl
esier

Picric acid ISpRBI

Polash

Felash lye

Petassium {SpRB

Pokassium ceelaie {3pRBI

Polossim bichromate

(Spkg

Polassivm borgie

————

| CaHICO0HI;

|

“ Caat0s

i
|
| CalaN; 07

ses patassium corbongie

KCH
KMnOy
CH{COOK
KalhO-

K330,

=53
&5

P
122

scluraied,
agueaus

13, caueous

cold soturatad,
acueous

0%

cold sotwrated,
agusaus

soturoted

seturated,
agueoys

1088, aquzous

ey
=f=%=]
Lo

EEEE]

140

20
40
80

100
120
140

w01+
40

100
120
140

201 +
A0y +

80
100
120
143

o
2
O+

o
=3
(o

-

+

ot

++ 4t

+

3.

+ ok 4

ER

+

-+

+ o

O+

+ + +
-

+

[P

+ o+

T
ok

4+t
PR

+ o+t
AR S

QO+

o+ ok

+or o+ o+

okt

Pk b

4+ + | TS

o+

+

( Courzesy George Fischer Engineering Handbool)
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Aggressive Medra

Chemical Resistence

edium

Formula

<

Boiling pein

centration

Temperatyra “C

VC
CPVC
ABS
PE
PP-H

PVDF iSYGEFI

EPDM

FPh

MNBR

5m

Fotassium bromate

Potassium bromide

Potassium corhonate

ipotazht

Potassium chicrate (SpRA]

Potassium chlaride

Petassium chromare

1SpRB!

Polassium zyanide

Falessium dizhromate

KBrQs

£CIOy

K

Kalirlly

KON

KsCrOr

<cald saturated,

agueaus

all, agueous

coid saiuraiad,
aquecus

all, oqueous

woid souraisd,
oquecus

coid saluraied,
aquecus

saruroted

| 140

+ +
-+
t
+

+
ot

+ 4

1

F

(=]
o
+ 4+
F bk
o+ o+

R
+ o+t
o+t

5

S
+

+ 4+
r

+
+ 4+
e
ot

%

P

+
+
+

b

+
P
+ o+ +
ok
+ b

btk
4
1

.

+

+

o

B

+oE

1

-

+ +

+

S —

+ ok

ok

i

o+t

00+ + +

ok

CO++ 4+ |CR

O+

o+

O+ ++

+

o+

o+ +

I

At

O+ +

+ob A4+

(Courtesy George Fischer Engineering Handbook)
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Aggrassive Media Chemical Resistance

Boiling peaint *C
Temparcture °C
PVC

CPVC

ABS

PVDF 1SYGEF}
EPDA

FPAA

NBR

Medium Formula

Concenltration

CR
CSM

Potossium fluoride KF soturated 20

&
+ + +
+ b+
+ 4 4 | P
+ + 4+ | PPH
b bk
+

g
1

Porassium KalFelCNIglsHL0 204 +
Hexacyoncferrate -l A0 +

+ob 4+

T+
+ 4+t
Fok b

Potassium hydragen KHCO; sawrated 20| =
cotbonare 401 =

o
=
At
+ +
+ o+
e s
o+
-

Palassium hydragen KHSOy saturated 20 +
sulphore 40| +

P
+
Fob ok

@
<
4

Potassium jodide K) cold satursted, 200 +
aquecus 40| +

+4 o+
-+
v
I
okt 4
A=
+

120
140

o
<

Potossivm nitrcte KNO; 50%, aquecus WM+

&

-+
+ ok + o+

+

+
+ + 4
ok

+

)
]

Potessivm perchiorate KCIO, cold saturated, 0|+
{SpRE} aqueous 40 &

++ 4+
Q
Q

3
Q
+ o+t
1
D4+ +

140

Potossium persuloh < .
Sppgy o ehate K250y oll, aqueous 20|+

5
+
[
o
+
T+
+ +
o

n
i
LR S
O+ ++
Q+++

140

- H i

"
(Courresy George Iischer Engineering Handbook)
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Aggrassive Media

Chermicel Resistance

Medivm

Formule

; point *C

Boili

Concentration

Temperature *C

PVC

ABS
FE

PYDF {SYGEF]

EFDM
PP

Polassivin sulphate

FPotassivm sulphide

Fotassium sulphife

Folassivm:
oluminiumsuliate
{alum]

FPottasium

hesocyonoferrate -l

Forinsium farirar

Pottasivmhydrogensulliie

Fottesiumhypachiarite

KaSCy

Ky3

Ks50;

i KalFalCNIsL

KOCI

all, aguecus

sulurated

soturcted

160
120
140

100

140

140

40
&0
80
100
120
140

20

60
8O
100
120
140

O+ +
++ 4+ | CIVC

+ A+

+ 4 A +

gk

++++

P

o+

+ o+
+ 4+

+

o+

+

+ o

PR ok 4+
+ ok ok

-

R

[eloZe]

- U

O

PR

+ o+

A

+ 4 + | NBR

+ 4+ | CR

+ 4+ + | C5M

(Courtesy George Fischer Engineering Handbook)
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8.55

Aggressive Media

Chemical Resislance

Medium

Farmula

ap=

Boiling point “C

Concantration

Temperalure °C

CPVC
ABS

PE
FP-H

PYDF {SYGEF

EPOM

FPAA
NER

CSM

Porosiwmperoxedisullate

Patasiumphosphate

Fortosiumphasphoie

Propane

Fropane

Popanal, r- and iso-

I5pRE]

Frapeieyl alcohol (SpRBI

Frapionic acid [SpREI

25204

KH:PC, und KoH PC,

Cita

CatlOH

LHEC-CH3-OH

42

141

sehuraied

all, aquecus

technieally pure,
licquiet

technically pure,

aseous

technicslly pure

7%, nquecus

50%, aquecus

+++ | VG
n

+ +

I
+ 1
FRE—

i
R

Q0+
-
FE

4+

+

+

T+

00+ O+ + +

+

+ 4

+ +

+ o+

+

P

+

O+ +

*

+ 4+

1.
(oo R

O+ +

Q4+ + +

+

o

(Caurresy George Fischer Engineering Handboalk)
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Aggressive Media

Chemical Reslstonce

Medium

Formula

Bailing paint °C

Concantrotion

Tamparaturs “C.

VT
CPVC
ABS
PE
[

o

PYDF ISYGEF

EPDAM
FPiA
NBR

Propionic acid |SpR3#

Propylens glycol [SpRBI

Propylene oxide

Fyridine

Fyregeliol

Romsit fobric

walerpropling ogenls

Salicylic ocid

Sea water

Silicic ecid

CaHaOo

1CaH0

| Catighl

| CHa(OHiy

CaHIOHICOOR

sae Brine

SiOHI,

e

88

35

115

iachnicolly pure

tachnicoly pure

technicelly purs

technically oure

100

usual commercial

saturated

100

140

120
140

[}

Q4+
Q0+
QO+

+ 4+
Q0+
e 000 + 4+ +

o o
+ o+
s+
b

(e

o+

O+
O+ + +

+ 4

A+ +

§ JCSM

+ otk

(Courtesy George Fischer Engineering Handbook)
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9.57

Aggressive Medio

Chemical Resistance

tiedium

Formuic

Boiting point "C

Concentration

Temperature “C

e
o
ABS
PE
PP-H

PYDF (SYGEF

EFDM
FPha

Silicane ail

Silver

Sitver saits

Silvercyanids

Soop selulion (SoRBI

Soda

Sodium acsigte

Sodivm aluminium sulfete

Sodium arssnite

i

AgCn

AgMNGay, AgTiN, AgC!

see Sedivm catbonate

CHiCGONa

Meay AsC)s

soiyrated

coid suiurated,
agueoys

o, cqueous

oll, aqueous

saturaled

100
120
140

o+

i
Y
+ 4

"
+ + o+
4o
+ o+

+

+ o+ 4+
Tt
+

+ o+ + +

O+ +
+
1
"

i
3o+
+ o+
R

t
|
+ o4t

t
-+ 4+ +
Y

+ 4+ 4+

ok

F o

4+t

O+ ++ +

R

4 + o+

4

+

44

+ + +

+ ++ | NER

+

o+

++

el

o

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemical Resistanca

Medium

Formula

Boiling peirt *C

Cencentration

Temperature °C

PIC
TRVC
BS

[
[

FVDF ISYGER

EPDM
FPM

Sedivm benzocte

Sodium bicarbanate

Sodium bisuiphaie

Sodium bisulphite

Sodivm beote

Sodium bromcle

Sodium bromids

Sodium carberate

Sodium chlorate 1SpRBI

C,Hs-COO0Ma

MNaHCOy

MNaH5C,

NaH50;

NasBOs

MNabrC

INabe

se= soda

NaClO,

cold saturaied,
agqueous

cold saiuraied,

agueous

10%, nquesus

all, aquesys

suturated

4l ageass

all, aguecus

cold saturaled,
agqueous

all, agqueous

S
<

140

20
40

100
120
140

140

20
40

100
120
140

140

20
40
a0

100
120
140

0+ +
+
O

+

+ 4+
oA+

Q
T
5
T
[P

+
S
+
I

Q-+

o+

t

Q
PP

(e}
T+
;
Fa—

Q
b+
+ + +
4+
+

E

O+ 4+ +

FoE o

o+

+ okt o+
O+ 4

o+
+ o+

+

Lot

ik

+ b+

+ 4 T+ o+

+

+

++ FCR

O+ +

O+ +
O+ + +

o+ +

O+ +

O+ +

O+ + | CTSM

4+

O+ +

O+ 4+ +

{Courtesy George Fischer Engineering Handbook)
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Acgressive Media

59

Madium

Formula

Boiling polrt °C.

Concenlralion

Temparchura

FE

PYDF ISYGEF)

[

EFDM
FPM

NRBR

Sodium chlorits tSpRE]

Sodium ehremote {SpRBI

Sodum disulphite

Sedivm dithianite
Sodium Hlucride

Sodiun hydroxide
fsee Caustie sodal

Sedium hypochlarita
1SpkEt

Sodium iodide

Sedivm nitrcte

Sedium nirite

T ———

MeCiO;

NGO,

NegS.05

sez hyposulphite

af

MNaOCl

el

NehOy

NaNG,

diluted, aguecus

dilutad, aovecus

all, squeous

up 1o 10%,

agueous

celd salurated,
aquesus

12.5% octive
chlorine, vqueous

all, sauecus

cold saturaled,
aqueous

coid satumtad,
aquenus

M
Q
+ +

- [+
‘O‘ AO
+ 4+ + o+

g
O+ +0+ +

C+

o~
o
+ 4

o | e

+ 4

E

Y

O+

O+
(o]

+ +

4

Fikd o F d Ak

R
L

PR

[T
+ o+

4o+

+

+ 4

=5

+ 4

-

+

(o o

e uffs o

&+

) CR
34 4 | CSM

O+ +

-

+ 4+

+

+ o+

O+ +

+ 4+

(Courresy Gearge Fischer Engineering Handbook)
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Aggressive Media

Chemicel Resistance

Madium

Formuia

Beiling point *C

Cancentration

Tempearaturs 5C

T

1

(T

¢ PYC

PYDF ISYGEF

PobA
FPAA

8|

CR

Sodium oxalate

Sodium perborote

Sadium perchlorle

Sodiem persulphote

[SakBI

Sadizm phoschate

Sodium siicale

Sodium Sulfice

Sodivm sulphate

Sodium sulphide

MNazCy0y

NeBQ; 4.0

NaCIC

M50y

MNagPQ,

NesSO5

MNatrivmsulfid

MNao5Cy, NaHSOy

MNags

cold saturcted,
cqueous

saturated

saiuroted

cold saturated,
cqueous

cold saturated,
sausous

cll, ogueous

cold saturated,
aquequs

cold saturated,
oqueous

[
<

140

100
120
140

140

£0
20
106

140

C
+ { ABS
PE

+ O+ +
i o+

I
+ 4+t

O+ +
4+
o+

-

b
o o)

+

+ 4
-

O+ +
+ 4+ +

G+
4o+ +
+
P
4+

+ o+

+ o+

44+

+ b

o]

D4+

B

coo0

+ ¥ +

P

Qoo

ok

+++

+

4+ 4 ot

o+ E

+

+

P

O+ + +

&

4+

CEM

+ 4+

+

O+ + +

+

+ +

-

R

{Couriesy George Fischer Engineering Handbook)
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9.61

Aggressive Media

Cheamicai Rasistance

Medium

Bailing point "

Conceniration

Temperature "C

e

VC
PRI

PVDFISYGEF

FPi

Sadium sulphite

Sodium thiosulphate

Sodiumchloride

Sodiumcyanida

Sediumdichromaie

Sediumhydrogen-

carbonsta

Sodivmhydrogensuliote

Spindie o

—

NaaSz05

MNaCl

NaCM

MNols20;

NaliSCy

———h

| |

celd saturated,
aguaous

cold saturated,
oguecus

sach,
aquecus

140

20
40
&0
80
100
120
140

20
40

80
100
120
140

20
40
&0
80
100
120
140

20

80
100
120
40

20
40

80
10
120
140

T | e
+ | PE
54+ o+

++ ++ | CVC
+ 4+

+
+
+

+ o+

v S
R R 4o
o+ + 4 + 4

+ o4+

F
okt
|

P -

P

+ 4+ 4+

A

& + | EFOM

N

+ 4+

4

4
O+ | NBR
O+ + | CR

+ b+

+ o+

+

o+

O+ +
O+ +

+ 4+ | CSM

{
(Courtesy George Fischer Engingering Handbook)
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Aggressive Media

Chemical Resistance

" Medum

Formula

Boiling point °C

Coneeniration

Temperatura “C

NC

0

MBS

]

PVDF {SYGER!

FPRA
NBR
CR

Spinning both acids
confaining carbon

disulphide ISpRBI

Spinning both acids
confaining carbon
disulphide ISpRB!

Spinring both acids
containing carbon
disulohide [SpRBI

Stannous chloride

Stannous chloride

-Tin IV ¢hloride

Starch solution

Starch syrup

Stearic acid [SoRBI

Styrel

sae Tin Il chloride

SnCly

1CaH10sln

Cy/HasCOOH

Fp.
&

100 mg CSp/1

206 mg CSa/l

700 mg CSy/l

zold saluroted,
ogueEaus

cold saturared,

agquecus

oll, oquaous

usual cotmmercial

technically pure

E8513

100

140

140

40
50
80

120
140

40
BO

120
146G

20
0

80
100
120
140

20
40

100
120
140

P

ok

+ o+

+

ot

+ +

+ o+t
b4+

++

4

+ o+

T

)

FoF o

C+ o+

+

+4++4+ 4

O+ +

+

4ttt + +

O+ +
O+ +

[

PR

o] &5

e 4

-

+ 00

(Courtesy George Fischer Engineering Handbook)
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8.63

Aggressive Media

Chemical Resistance

Medium

Formuia

Concecirofion

Temperature °C

PVC
CWC
PYDFISYGEF

PP-H

ERDv
FPM

CSM

Succinic acid

Sugar syfup

Sulfur

Sulivr dioxide

Sulivr dioxide

Suitur diowide

Sulfur wrioside

Sulluric acid
saturated by Chlorine

HOOC-CH,-Cro-COOH

50

S0y

50,

S03

oSO +Ch

e

s

-0

aquacus, all

ysuol commercial

technically pure

technically pure,
anhydrous

technically pure,
moist

all, moist

605

?

100
140

2
40

100
120
140

120
140

20
40

100
120
L0

120
140

o+
b

+ | ABS
++ | PE
+

+

-

O+ +
5
C+

+ 4+

++
bk
R

T

g
+

o+ -
y
g
o+
o]

R

s

R

o -

ot

Q+

C G

o | NER
+ o+ | CR

o

+

++

I

I

(Coursesy George Fischer Engineering Handbook)
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Aggressive Media

Chemizal Resistancs

Medium

Formula

poinl °C

Boiiing

Cencentration

Temperchure °C

T

PE

PYOF [SYGEF]

Frid

Suliuric soid
lsee note 2.3.1 on jointing]

Suliuric acid
1see note 2.3.1 an joinlingl
ISpRE]

Sulluriz acid
Isze nole 2.3.] o1 jointing]
1SpRBI

Suburic acid
{see note 2.3.] on juinting!
1SpRB1 .

Sullyriz acid
Isem note 2.3 an jointing]
(SpREBI

= ocic
Isee noie 231 on jainting}

1SpREI

Sulturic acid
Isse nots 2.31 or jpinting!

{SaREI

Sulfuraus acid

H,50,

Ha50,

Hz304

Ha50,

iSOy

Hz5Q5

14:505

140

195

250

up to 40%,

cgueous

up to &%,

aqueous

up to 80%,

aguesus

Q0% aquecus

4%, aquecus

7%

28%

saturated,
aqueous

140

140

140

+
bt o+

++ +
ok

+ +
P + ok

+ 4+

O+ +

(Couriesy George Fischer Engineering Handbook)

o+ | ABS

+ o

o+ +

+ 4

+ o | PRH

<

O+ +

S+ k4

+ ot

ok

+

+

L0 e -

Fo 4t

1

L O+ 4+ + | EFDM

o+
O+ + + O+ 4+

Q0O
O+ 4

O+ +

T O | NER

o+ | CR
. DO++fCSM

00+

O+

[efe]
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Aggressive Media Chemical Resistance

Boiling potnt
Temperaiura *C
Ve

CPVC

ABS

PE

e
FYDFISYGEF
EPDA

FPA

NER

CR

Mediom Formula Concentration

Sulluryl chloride SQCly &

0
[e]
+

tachnically pure 20
d

Surfacrants (SoRE! up fa 5%, aquecus| 20

SO0
QO+

QOO0+

Surfactants WO|CjO|0{00 clecla|o
IESC! “0

Tallow 1SaRBI ischnically pure 200+ |-1-
1

+ +

o+
+

Tansie acid (SpRBI all, cqusous 0| +

)
+ o+ +
+ &
+ o+ +
+ o
4
"
+
+

Tenning exireets form usval commerciol 4+ |+ |+
plenis SpRBH 40 + ]+

Tartoric arid 20

&
+ +

(&M

Tertaric acid HOWC-CHIORRCHIOHNCOH all, uqueous 200+ |+ |+
A

-
+
+

£

+4 4
-+t
O+ +
+ +

&9

o+

120
10

: (CUWIE-W George Fischer Engineering Handbook)
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Aggressive Media

Chemicol Resistance

Medium

Formula

Beiling point °C

Coneentration

Temperalure “C

PYC
CPYC

PE

PP-H

PVDF ISYGEF!

EPDM
FPid
MEBR
CR

C5M

Tortaric acid up to 10%

Tetrachlorethylene

Telrachloreethane

Tetrachicroethylene

Tetraetvlene lead (SpRBI

Tetrahydrofurane

Tetrahydranaphtholene

Thionyi chlorice

Tin {1V} -chlorice

ClCH-CHCI,

sse Perchiorosthylene

1CaHslsPbs

CHsO

Terolin

50Ck

144

121

@

technically pure

technically pure

technically pure

lachnically pure

techrieally pure

Smoo s
S08SS

120§
140}

20

+ -+

+

o+

+ o4+

O+ +

bR+

oAt

e]

P

+

4+t

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemicel Resistance

Medium

Formule

Boiling peint “C

Concenteation

Temperoture “C

PVC
CPVC
ABS
PE
PP

PVDF ISYGEF

EFDM
FPhA

MNBR
CR

C5M

Tin-{ll-chlaride

Toluene

Trigcetin

1Glycerinkriacetal)

Tributyiphosphate

Trichloroacatic uc'd

Trichloroacelic acid

Trichioroathane

Trichibroethylane

Trichioromethane

SnCly

CHs-CHg

CsH1a0,

ACHel POy

Cl,C-COOH

Cly-C-CCOH

Methylehloraform

CC=CHCI

Chioratorm

"

194

74
74

é1

technically pure

technicaliy pure

technicolly pure

50%, cqueous

technicolly pure

technicolly pure

1100

140

20
40

80

120
140

+ 4+
4o+

o+
+ 4+

O+ +

+ +
o]

+ o+

O+ 4+

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chamicol Resislance

Medium

Formulo

Bailing point *C

Concentralion

Temperalure *C.

PvC

CPVC
ARS

]

PE-H

PYOF ISYGEF

EPDAL
FPiA

CR

Tricresyl phosphate

(SpRBI

Tristhonolamine (SpRBI

Triethylamine (SpRBY

Trifluore oeelic acid

(SpRB)

Trioctyl phosphote SRS}

furpentine oil {SpRBI

Urea (SpREI

Utlne

HaC-CaHs-O 15P 04

MICHy CHa-OHly

NICH,CHyl3

F,C-COQH

(CeH 213 PO

HaN-CO-MH;

fp.
21

a9

133

technicaly pure

tachnically pure

technicaolly pure

up fo 50%

tachnically pure

technicolly pure

up to 305,

cquesys

40

O+ +
o4+ 4+

|
1.
|

P

oo

+
e

+

+ 4+

+ +

C+

+

++

¥t

+ 4=

+

+

o | MER

s
+ o4

o+

+ 4+

CSm

ot

{Courtesy George Fischer Engineering Handbook)
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Aggressiva Media

Chemicol Resistance

Mzcium

formula

¢
g

[ Concentration

ae
C

Jemperatur:

ChVC

PVC
ABS
PE

PVDF (SYGEF!

EPDM
FPM

MNBR

Voseline

Vegelable cifs

Vegetable oils and fats
{SpRDI

Vinegar

Vinyl ocefoia

Vinyl chleride

Viscose spinning solutien

Wk i
Weste gases containing

Aleline

Waste gasas containing -
Carbon oxdes

ses wine vinegor

CHy=CHOOCCH,

CH,=CHCI

-4

|
|

technically purs

technically pure

tachnically pure

L

I

BEaY

140

10

100
120
140

40

100
120
140

140

r
——

s}
(o]
+
o | PPH

.

+

I
-

ot 4

+

o+
+

ok

PR

ok ok

i

C O+

N

5L

4+

Fa

o+t

++ +

O+ ++ + o+t

bkt

[ _—

+

ot 4

oo
QO

o0
+ 34

CSM

O+

+ o

( Courtesy George Fischer Engineering Handbook)
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Aggrassive Media

Chemical Resistance

Medivm

Formula

Boiling point °C

Concentration

C

Tempsraturs

PVC

CRVC
ABS
FE

X

PVDF (SYGEF)

EPDM
FRAA

C5i

Waste gases containing -
Hydrochloric acid

Waste gases containi
Hydrogen fuoride |Sp

Waste goses containing -
Nitroys goses

Waste gases containing -
Sulphur dioxide

Wasle gases cantaining -

Sulphur Fioxide (SR

Waste gases canfaining -
Sulphuric agid

‘Water
- dlistilled

- deionised

Waler, condenged

HO

olf

fraces

traces

Iraces

al

100

B0

120
140

20
40
&0
BO
100

140

+

e

o+

44

ok

+

P ++ o+t + 4+ + 4+t 4+t + 4+ + 4+

+ 4 +

++

£ 4 &

+

*

4

O+ +

&

CH+
o+ bk

+

e

4

+

EE A A

s

P e

O

o+ O+ + + O+ + + -+ O+ 4+ O+ 4+ T+ + +
++ b+ o+

O+
+ ++ +

T+t ++

+ob okt O+ + ok

+ ot

ook A

R

b

O+ + +

+

O+ + ok

O+ +
O+ + +

4.+u.
P

+

+

+

+ +

b

R o

++ o+

At A+ 4t

++++

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media Chemicel Resistance

o

Bolling peint *C

PYDF ISYGEF)

CPVC

&+ | ABS
P
PP-H

Medin Farmula Concentration

£PDM
PM

CR

CSM

Water, drinking,

chlarincied

I

Zaw Temperature "C
-4+ | PVC

o+t
-+ o+
+++ 4+

FEE——
O+ ++ | NBR

+ 4

b4

+

O+
o

Warer waste water 200+
without arganic solvent 400 +
and surfeetonts &0

+ ot

+ 4+

+ o+ +

[

ok e E b
O+

+ b+

O+ + + +

+ o+

++ o+

Wax alechol (SpRBI CarFHigyOH

=]
o]
o
+

+ +
+
+
.

Wine vineger ($pR8! vsual commercial 20

=] 5]
44+
+ ot
o+t
PR

&
5

Wines, red and white usual commercicl

T
+
[P

|
|
|
|
i
|
|

o
=]

Hylene CeMalCHals 1387 | technicelly purs
124

O+ +

|
|
yeosis i oll, aaueous

=
r
+ o+
+ 4
+

| 100
| 120
| 140
Zinc salks ZnChy, ZnC05, Z0iNOsl, ZnSC, all, aqueous 1o S R A

¥ x

40| +
01O |+

+
b
O+
+ ot
-

100
120
140

—— | |

(Courtesy George Fischer Engineering Handbook)
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Aggressive Media

Chemica! Resistance

Nedium Formule

Bailing polni °C

Concsntraiion

Zincearbonote

Fnzchleride

Zincnitrole ZnlO4)g

Zncoxide

Znephosphata

Zincsulfore 2050,

1-Chloropantan CeH iy Cl

safyrated

sofurofad

Suspension

saturated

Suspension

| Temparatere "C

PvC
CPVC
PE

PEH

FISYGEF)

o

EFDM
P
bR

ch

CSM

120
149

140

120
140

140

40

80
100

140

+ | ABS

+ o+

b
E
.

T
+ + + +
+ +
o+ o+ o+

b
1
t
e

+ +
1
+4 o+ +

+ sk
+

o

+
ot
b
EE

- PR FR——_— P Fok o o+

[P S

o+

+

4+

Fo

{Courtesy George Fischer Engineering Handbook)
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Agaressive Media Chemical Resistance

Y ¢ =
= -
a e &
= ® =
= 2 Y = =
; 5 Slelflal e Blsizl @
Medium Eormila & | Concentration gl |S5lzw|d 2 EEIZ 5
112 Trifluora, FCILC-CCiF, 47 |technically pure 200 + . [ RS N
122 Trichloroethane w0l +
{Fraon 1131 [SpRRY &
o |
100 |
120
140

—_—

(Courresy George Fischer Engineering Handbook)
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Driscopipe
Engineering
Characteristics

Introduction
Driscopipe high densily polyethylene piping systems
offer the modern engineer the opportunity to {ake
advantage of the unusual characteristics of these
malerials and use them to solve many old praoblems
and 1o design syslems for applicalions where
traditional materials are either unsuitable or tco
expensive. When compared to the older traditional
piping materials, Driscopipe polyethylene piping
systems offer 2 new freedorn in environmental
design, exlended service life, signilicant savings for
installation labor and equipment costs, and reduced
maintenance for pipeline systems where operating
conditions are within the pressure and temperature -
capabilities of the material. '

" This brochure outlines the Engineering” -
Characteristics of Driscopipe high density

polyethylene pipe andTittings @nd points outmany of .-
the advaritages and bénefits to be realized through ™ ™~

_ primarily toward the large diameter (3" through 547)
Driscopipe 8600 and Driscopipe 1000 Industrial and
Municipal product lines. However, 1iEsg ergineering

* characteristics are also typical of other Driscopipe
polyethylene product lines.

Physical Properties

Driscopipe 8600 is manufactured from Maﬂex
M-8000 very high molecutar weight high density

PE 3408 resin. Pipe and fittings made from Marlex
M-8C0C0 are extremely tough and durable, and
possess excéptional long term strength. Marlex -
M-8000 is a proprietary product and is extruded only
by Phillips Driscopipe, Inc.

Driscopipe 1000 is manufactured from Marlex
TR-480, a PE 3408 polyethylene pipe resinina

molecular weight range which permits the pipetobe

extruded by conventional methods. In this respect,
Driscopipe 1000 is comparable to other extra high
molecular weight, high density, PE 3408 polyethylene
pipes commercially available in North America.
Sheets detailing typical physical properties for

Driscopipe 1000 and Driscopipe 8600 are available
upon request.

- Long Term Hydrostatic Strength

Ore of the cutsianding engineering characteristics of
Driscopipe high density polyethylene pipe is its long
term hydrostaltic strength under various thermal and
environmental conditions. Life expectancy is
conservatively estimated to be in excess of S0 years
using the standard design basis. This strength is
determined by standardized methods and -~ -
procedures which the plastic pipe industry has used
for many years to evaluate the long term strength of
all lypes of plastic pipe.

Pipe hoap stress versus time 1o failure plots of long
term hydrostalic pressure data for thermoplastic pipe
have been studied and analyzed for many years. The
mathematical equations used to evaluate the test
data and extrapotate values 1o longer periods of time
were chosen after careful evaluation of more than
1,000 sets of long term test data representing more
than 400 plastic pipe compounds. Continued testing
on new compounds and extended testing of older
compounds have proven the validity of these test
methads. Actual data from more than 112 years
(100,000 hours) of continuous testing shows the
industry methods to be slightly conservative in that
actual values are slightly higher than those calculated
by the i mdustry—accepted ASTM method.

The reduction in slrength Wwhich occurs wrth Vnme as”

-indicated by the stress-ife curves, does not represent
“‘asttength degradahon of the material but is more i

 the use of thesé systems. The discussicn is directed -+~ fhe nature of a relaxation effect Plastic pipe samples

“which have been on testfor periods up to 70,000

"holir§ have been de-pressurized and checked for

permanent reduction of strength by using the quick-

- burst test. No loss has been found when compared

tosamples pre\nously qu:ck-burst fromthe same

Cfestlot - - o
" Allevidence conf“ s mal the methods used to

predict the long term strength of plastic pipe are

- sound methods. Through the years, these policies

and procedures, used to develop recommended
hydrostatic design strengths, have influenced
manufacturers to research and develop improved

“piping products such as Driscopipe 8600 and

Driscopipe 1000.
Typical calculated iong temn strengths are shown
below:

Long Term Strength @73. 4°F(23°C)

Time ) ) suas, psl
100,000 hrs. (11.43 yrs.) 1635
438,000 hrs. (50 yrs.) 1604
500,000 hrs. (57 yrs.) . 1601

1,000,000 hrs. (114 yrs.) 1586
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The 114-year long term strength has been included o
show more aboul the nature of the method used by
the induslry to evaluate the long term strength of
plastic pipe and lo illustrate the very slow reduclion in
strength as lime progresses.

Long lerm hoop stresses for design purposes are
narcally selected at a tevel which is much lower than
the long term strength of the materials. This ensures
that the pipe is operating in a hoop stress range
where creep (relaxation) of the materials is nil and
assures senvice life in excess of 50 years. Design
stress levels are discussed further in the next seclion.

The long term hydrostatic tests are conducted by
using ASTM standard test procedures which may be
applied to all types of plastic pipe (ASTM D 1598 Test
for Time-to-Failure of Plastic Pipe Under Constant
Internal Pressure). Stress-life tests are conducted by
using numerous pipe samples which are filled with
waler (or other environmental fluids) and subjecled to
a controlled pressure at a controlled temperature.

Figure 1

Samples are held on test until they fail. The pressure,
lemperzlure and time-to-failure data from all samples
are used io calculate and plot stress-ife curves for
the particular lype pipe being tested (ASTM D 2837
Obtaining Hydrostatic Design Basis for Thermoplastic
Pipe Mzierials). This data is then used to predict the
probable safe life of the pipe at various stress levels

(working pressures) and various temperalures.

Because it is nol practical lo test al all temperature
levels, these lests are generally conducted at
temperatures ol 73.4°F and one or mare higher
temperatures such as 100°F, 120°F and 140°F

These stress-life curves give a relationship of the
expecled life span of the pipe when subjected ta
various internal stress levels (working pressures) at
various temperatures. By comparing stress-life
curves, one can compare relative long term
perlormance ability of different plastic pipes. Stress-
lite curves for Driscapine 8600 and Driscopipe 1000
are shown in Fgure 1.

Stress-Life of Dnscoptpe® 8600 and Dnscoptpe@’ 1000
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T+ ~se stress-lile Curves were obtained using water as
st medium, However, years of laboratory testing
atw fieid experience have shown that these same
curves may be used to design Driscopipe systems
for natural gas, salt waler, sewage and hundreds of
other industrial and municipal fluids, mixtures and
effluents. The long term strength of Driscopipe
indicated by these curves must be de-rated in some
environmental circurnstances, such asinthe
presence of liquid hydrocarbons or abrasive fluids,
although the pipe is very suitable for use in these
environmeats. An outstanding engineering

advantage of Driscopipe is its exceptionally long term |

service life in the presence of intemal and external
corrosive service conditions.

Design Pressure Ratings

Since plastic pipe was introduced in the late 50s, the
safety factor for design of water systems at standard
temperature has been 2 to 1. The 2:1 design factor
which was officially adopted by the plastic pipe
industry in 1963, was based on allowances for many
sources of variation. The guiding principle has always
been to make the selection on a conservative basis
but not {o be unreasonably conservative,

~ The sources of variation for which allowances are
made include ... variation in test methods and -
cedures among laboratories... variation among
s of the same compound ... variation of lots of p|pe
. womthe compound in different plants and from - -
. ditferent extruders ... Vardationin compounds of the
same general class ... variations in handfing and

installation techniques ..: variation in operating -~ :-

pressures (water hammer and surge) ... a strength-
time allowance to give service life well beyond 50
years ... and, finally, the great unknown, Each of the

. dwgn tothe hlgh&ct temperature :
.The d&stgnsemce factor for water may also be used

factors was judged to reduce the 100,000 hour
design strength by 5%-10% or 20% ... for a total of
100% ... or a design factor of 2: 1. This is why
polyethylene pipe, with a2 designated 100,000 hour
strength of 1600 psi at 73.4°F, has a hydrostalic
design strength of 800 pst hoop stress.

The design pressures for Driscopipe are determined
by the following equation, adopted intemationally by
the industry for this purpose:

R Y-S
P“SDR—1XF or PwZSD_th
Where: D=  Specified Outside Diameter, Inches
P=  Design Pressure, psi

S=  Long Termm Hydrostatic Strength,
psi, at the design temperature

= Minirnum Wall Thickness, Inches

F=  Senice Design Factor

SDR= Standard Dimension Ratio of DA
The traditional Service Design Factor for water at
standard temperature (73.4°F) is one-half (.5). The
Service Design Factor for oil or liquid hydrocarbons
i50.25 @ 73°F The service design factor may be

‘adjusted by the design engineer to reflect the

particular conditions anticipated for the application.
The temperature selected for design should consider
both interal and extemal conditions. The design
temperature should be based on the temperature of
._the pipe itself. For practical purposes, itis saferto. -

for solutions of inorganic salts, alkaline fiuids, non- -

-~ oxidizing acids, low concentrations of oxidizing acids
- and many other solutions. See the discussionon __ -

chemical resistance for rore information.




All standard design pressure ratings shownin
Driscopipe literature are based on waler at 73.4°F
temperalure; ie, a safety factor of 2:1 based on the
long term hydrostatic strength of the material.
Ddiscopipe is applicable at pressures from 010 265
psi and temperatures from below 32°F up to 180°F
Standard Dimension Ratios (SDR) are available from
SDR325t6SDR7.0

Flow Characteristics

Driscopipe polyethylene has excellent flow
characteristics as compared to traditional materials.
An extremely smooth interior surface offers low
resistance to flow. It maintains these excellent flow
properties throughout its service life in most
applications due to the inherent chemical and
abrasion resistance of the material. Because of
smooth walls and the non-wetting characteristic of
polyethylene, higher flow capacity and less friction
loss is nossible wilth Driscopipe. Inmany cases this
higher flow capacity may pemit the use of smaller
pipe at a lower cost.

A "C factor of 155 is commonly used in the Hazen-
Williams formula for calculating flow in pressure
apphcations For gravity flow, an “n” factor of .009 is
used in Manning's formula,

Experimental test data regarding pumpmg and
pressure drop through Driscopipe is available upon
-fequest. This-study compares the flow through 8" -
Driscopipe with and without internal fusion beads
using clear water. It also includes flow data for some
clay-water sluries and clay-water-sand siurries.

Velocities up to 20 {ps are studied. Data includes

determination of Hazen-Williams.“C" factor, Reynolds -
number, boundry drag, relative roughness,sand ™ * ~
grain roughness and friction loss at various velocities.

Lightweight — Flexible

The inherent light weight and flexibility of Driscopipe
provides many cost saving benefits related to
handling, storage, hauling, unloading, stringing,
joining and installation. Because of its light weight,
Driscopipe can be moved, handled and placedinthe
ditch with srnafler and less expensive constructign
equipment. Usua!!y manpower requirements are also
reduced.

Driscopipe weighs less than water, it has a specific
gravity of .955-.957. Because it will float, it can be
joined in long strings and easily towed into position on
job sites where water is encountered. The
combination of light weight and flexibility provides
opportunity to fusion join the pipe in a convenient
work area and pull it mto position in difficult work
areas where terrain or other obstacles present
installation problems. The pipe can be joined abave
ground and rolled or lowered into the trench thus
allowing the use of smatller irench widths and )
eliminating the necessity of placing men and
equipment inside the trench. Such installation
methods can dramatically reduce the time required
for installation in many instances.

The flexibility of Driscopipe allows it to be curved over,
under and around obstacles and to make elevation
and directional changes, thus eliminating fittings and
reducing installation costs. The ptpe can be cold bent
-asitisinstalledto a-radius of 2040 imes the. plpe ’

- diameter. This fiexibility and the butt fusion joining'
method make Dnsoopnpe ideally suited for inserting it
- indide older piping systems to renew and renovate

such systems at a much lower cost than would be .
‘possible otherwise.

- Pipe flexibility and toughness also allow small

diameter Driscopipe to be plowed-in or pulled-in with

suitable equipment.




Trughness — “Ductile PE Pipe”

verall toughness™ of Driscopipe is an important
characteristic of the pipe which is derived from many
of the chemical and physical properties of the
rmalerial as well as the extrusion melhod. The pipe is
ductile. It flexes, bends and absorbs impact ioads
over a wide temperalure range of — 180°F up 1o
+180°F This inherent resiliency and flexibility allow
the pipe to absorb surge pressures, vibration and
stresses caused by soil movement. Driscopipe can
be deformed without permanent damage and with no
adverse effect on long term service life. It is flexible
for contouring to installation conditions. The
toughness of Driscopipe is one of ils outstanding
engineering characteristics leading to innovative
piping design.
Even though “loughness” has become generally
recognized by the industry as a highly desirable
characteristic ... there is no standard test which can
be used lo directly compare the “toughness™ among
polyethylenes ... as well as among the different
plastic materials which are considered suitable for
piping. .
A “"toughness” test has not been devised is simply
because it is influenced by so many of the physical
and chemical propetties of the malerial. The extreme
t~yghness of Driscopipe has been noted as one of its
standing features since its introduction to the
«dustry ... yet to explain “toughness®, rnany
- properties are discussed and demonstrated. To
~ obtain a tomplete evaluation of the toughnéssofa™

" plastic material, it is necessary 10 see demonstrations -

of tests and to conduct some tests in person in order
lo compare il with meterials which are more famiiiar,
such as cast iron, steel, cement, copper, etc.

Toughness is related to ... Environmental Stress
Crack Resistance (ESCR) ... Notch sensitivity ..
Resistance to secondary siresses from external
loading ... Impacl strength ... Tear strength ...
Flexibility ... Kink resistance ... Abrasion and scratch
resistance ... Flexural strength ... Elongation ...
Chemical resistance ... Tensile strength ... Ductility ...
Creep resistance ... Temperature resistance ...
Density ... Molecular weight ... and the thermoplastic
nalure of the material. Part of the toughness of any
polyethylene material can be attributed to its flexibility,
flexural strength and impact resistance as compared
to the more rigid thenmoplastic materials such as
PVC. Polyethylene is ductile and will elongate many
times more than PVC. Consequently, it will absorb
more impact without damage or failure. PE will flex or
elongate and stress relieve itself rather than rupture.
Generally, impact strength is greater for the higher
molecular weight PE resins. Impact resistance is also”
important from the standpoint of a piping systern

- being able to absorb energy imposed on it by
external forces.

The expansive force of water fréezing inside
Driscopipe will not damage it.
 ESCR is one of the properties closely related to

- -"oughness” and has been studied as a possible

- means to define and measure toughness. The -

B éxceptional résistance of Dristpipe 860010~
 environmental stress cracking as compared to other

- ... PE materials is discussed further in the next section.,




Driscopipe 8600 is unique and differs from
Driscopipe 10C0 and frorn all other polyethylene
pipes. Drscopipe 8600 exhibits a superior toughness
which gives the pipe the highest impact strength,
highest tear strength and lowest notch sensitivity of
any polyethylene pipe currently available. Driscopipe
8600 offers the highest resistance to culs, scralches
and abrasions which occur when handling and
installing the pipe. )

These properties are maintained throughout its
temperature range without a loss of ductility or
reduced resistance 1o nolch sensitivity. Driscopipe
has been successiully installed in numerous arctic
applications. Some of these applications have
included direct burial in the unstable arctic
permalfrost

To leam more of the relative toughness of Driscopipe
8600, we encourage you fo take a piece of pipe with
a butt fusion joint and try.{o tear it up without using
sharp tools. Pound it flat with a sledge hammer ...
slam it against a comer of angle iron. ... run over it with
atruck...then do the same with steel, copper, PVC,
castiron and the less rugged PEs. it's notvery

- scientific ... but we believe you'll be convinced that
Driscopipe 8600 has extremely high toughness. We
have evaluated Driscopipe many times in laboratory
and field test experiments to demonstrate and prove
thistoughness-

-« One excellent indicator of the refative toughness of

Driscopipe 8600, as compared to other
polyethylene pipe materials, can be observed in the
ASTM Standard Test for determination of flow rate
of the thermoplastic materials.

When Driscopipe 8600 is healed to 180°C (374°F)
to measure the flow rate, it requires 432.5 pounds/
sq. in. force, applied for 10 minutes, 10 flow 1%
grams of 8600 material through the orifice of the test
unit! Other commercially available polyethylene
pipe materials will flow 10 to 20 times this amount
under the same conditions,

When Driscopipe 8600 is healed to 475-500°F to
mett it for fusion joining, it requires 150 pounds
pressure per square inch of material to make the
melted surfaces flow together. This is another
indicalor of toughness. Other commercially
available polyethylene pipe materials require about
one-hall that amount of pressure and some
competilive pipes require less than 25 psil

Driscopipe 8600 has been pressure tested for
long periods at temperatures up to 140°F and
pedormance requirements at these high
temperatures can be used in purchase
specificalions to assure that the user is getting
the highest performing polyethylene pipe.




Environmental Stress Crack Resistance

1e most recent ASTM specification written o identlify
alyethylene plastic pipe and fitlings materials is
ASTM D 3350, “Polyelhylene Plastics Pipe and
Fitlings Materials”, adopted in 1974, This specification
uses six (6) properties to classify PE matenal .one
of these is ESCR.

ASTM D 3350 lists three cell limits for ESCR
classification which use the ESCR test outlined in
ASTM D 1693, Test Method for Environmentat Stress
Cracking of Ethylene Plastics. The cell limits are:

Test
Call Condition Test Percentof Test
Classification ASTM  Duration Failures Temp.
Limit D1693 Hours  Allowed “c
1 A 43 50 50°
2 B 24 50 s°
3 C 192 20 100°

Minimum Notch for A is 0207 for B and Cis .012",
Minimum Thickness for Ais 120" for B and Cis .070"
A and B use a diluted aqueous solution reagent, C
uses full strength reagent.

This method of testing for ESCR was first written in
1959 and was developed primarily 1o evaluate -
polyethylene as a jacketing material for power and
nommunications cable. Although the method requires

1e use of laboratory comp:essmn molded
specimens rather than pipe, it became the generally
accepted method for evaluating ESCR of PE -
materials used for piping. lts wide use was .
responsible for its inclusion in ASTM D 3550 to
describe one of the six primary properies of a PE
pipe malerial.

The test method, ASTM D-1693, is an accelerated test
method o delerrnine the resistance of a polyethyie e
material to environmental stress cracking. ltis a
measure of the ability of the polyethylene (o withstand
secondary stress loadings. These loadings arg
typically thought of as low-level, long-lerm, exter:.s
stresses which may act upon the poiyethylene pipe

in field installations.

Under conditions of the test, high local multiaxial
stresses are developed through the intreduction of a
controlled imperfection (notch). The notched samiple
is subjected to an elevated temperature bath of a
surface active agent. Environmental stress cracking
has been found to occur most readily under such
condiions.

Anote in the test specifications stales that, generally,
low density (Type 1) polyethylenes are tested under
Condition A, medium and high density (Type Il and
Type Ill) polyethylenes are generally tested under
Condition B and high density resins with high melt
viscosity, such as pipe grade P34, are tested under
Condition C.

‘As pipg grade polyethylenes have improved, the

testing requirements of ASTM D-1693 have become
less stringent for P34 pipe grade polyethylenes such
as Driscopipe 8600 and Driscopipe 1000. Asa resuft,
a more severe stress crack resistance test

has been developed to evaluate high deasity -
polyethylene pipe. The ASTM F-1248 stress crack
resistance test method was deveIOped byagas

“distribution company for quality control purposes and

is often referred to as Ring ESCR since it tests actual
produced pipe ring samples rather than molded -
specimens.




ASTM F-1248 utilizes rings cut from a pipe samiple.
The rings are notched on one side and compressed
between parallel plates until the distance between the
plates is (hree times the specified pipe minimurm wall
thickness. The compressed ring samples are
subjected lo an elevated temperature bath of a
surface aclive ageni and visibly inspected for crack
formation or propagation.

The Ring ESCR test provides useful information
regarding the different polyethylene pipe grade
materials. Driscapipe 8600 shows no tendency for
sample failures when tesled in excess of 10,000
hours. This further reinforces the unique ability of
Driscopipe 8600 to provide the highest degree of
resistance o the external stresses inherentto a
pipeline installation.

Driscopipe 1000, an extra high molecular weight
HODPE pipe, will exhibit a ing ESCR of Fgy>1000
hours. Gther lower molecular weight pipes may
exhibit lower Fgy values.

Chemical Corrosion Resastance

The outstanding resistance of Driscopipe fo attack by
most chemicals makes it sutable to transport these

chemicals or to be installed in an environment whera

these chemicals are present. Factors which |
determine the suitabifity and service fife of each
‘particular application include the specific chemical
and its concentration, pressure; température; peried-
of contact and service conditions which may
introduce stress concenlratncns in the pipe erfittings.

Driscapipe is, for all ptacncal purposes, chemlcal!y
inert within its temperature use range. This - -
advantageous engineering characteristic is one of
the primary reasons for the wide use of Driscopipe in
industrial applications. It does not rot, rust, pit,
corrode or lose wall thickness through chemical or
electrical reaction with the surrounding soll, whether
acid, alkaline, wet or dry. it neither supports the
growth of, nor is affected by, algae, bacteria or fungi
and is resistant to marine biclogical attack. it contains
no ingredients which make it attractive to rodents,
gophers, ete.

Information refative to the resistance of Driscopipe to
a wide range of chemicals is shown in the following
tables. This information is based on results of
immersion tests {Usually 3 months) at various
temperatures. Changes in tensile strength and
elongation are evaluated at a rapid strain rate to
ernphasize any strength decay in the material.

Most acids, bases and ather chemicals can be
transported by Driscopipe using the same design”
paramelers as would apply to water, nalural or
manufactured gas and waler solutions of inorganic
salts. Strong oxidizing agents such as fuming suffuric
acid may adversely aflect the pipe, depending upon
concenteation, temperature and period of contact. In
rnany cases, such as gravily flow waste lines, these
chernicals can be handied because of dilution and
intermittent flow.

Some chemicals, such as'all types of liquid
hydrocarbons, will mechanically absorb into the wall
of the pipe and cause a reduction in hoop stress but
this does not degrade the material. This effect is
temporary if exposure (s intermittent. Where exposure
is continuous, it is necessary lo derate the pressure
capability of the pipe for long term service. This
includes such products as gasoline, ethyi alcohol,
benzene, carbon tetrachloride, crude and refined
cils, etc. Where 5-100% hydrocarbon liquids are
continuously present in a pressure system, a service
design factor of .25 should be used to calculate
design pressures instead of the service design factor

" of .5 used with water.

25

Pe= SDR=1 xXF or P= ZSS—-le
Where: D= Qutside Diameter, Inches
P= Design Pressure, psi
S= - Long Term Hydrostatic Strength,
. psi, at the design ternperattire
t= Minimum Wall Thickness, Inches

F=  Service Design Factor
SDR= Slandard Dtmensmn Ratio of DAt




S —Salisfactory

U - Unsatisfactory
i — Marginal

N — Not known

All coacentrations are 100% unless
noled otherwise.

On reagents marked marginal,
chemical attack will be recognized by
a loss of physical properties of the pipe
which may require a change in design
factors.

70°F 140°F
Heagent {z1°C) (60C)

Aceric Acd 1-10%
Acstc Acid 10-60%
Acetic Acid B0-100%
Acetone
Acylic Emutsions
Aleminum Chiodde-Dilute
Aluminum Fueride Cone.
Al Sutfate Core.
Jrns(AﬂTyp%)Conc. )
Amnom.wa% DryGas
Amamoniun Carbonate -
Arnmonium Chiloride Satd
Ammonium Fluoride 20%
AmmoruumHydmx)deOSBSG S

Ammonium Melapmsphale Said S
Ammonium Nitrate Satd
Ammonium Persulfate Satd
Armmonium Sultate Satd
Ammonium Sulfide Satd
Ammonium Thiocyanate Satld
Amyl Acetate

Artyl Alcohel 100%

Atz Chioride 100%
Anikne 100%

Antimony Chioride

Aqua Regla

Barium Carbonate Satd
Bariwm Chioride

Barium Hydnodde

Barum Suitate Sattd
Barwm Suifide Satd

Boer

Berzene

Benzene Sutfonic Acid

Bismuth Carbonate Satd
Aeach Lye 10%

Stack Liquor

Borax Cold Satt

Bodc Acid Dilute
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70°F 140°F T0°F  140°F

Reagent (21°C} (60°C) Reagent {21°C) (60°C)
Banic Azid Conc. s S Diazo Safls S s
Bromic Acid 10% S S Diethytene Glycol s S
Broming Uquid 100% ™M u Diglycolic Acd s s
Butanediol 10% S s Dimettylamine M u
Butanediol 60% s s Emutsions, Prolographic s s
Butanediol 100% S $ Ethyl Acelate 100% M u
Butyt Aleohol 100% 8 s Ethyl Aloobol 100% S s
Calcium Bisulfide 5 s Ethyl Alcohol 35% S s
Calcium Carbonate Said 5 s Ethyl Butyrate M u
Calciurn Chiorate Saltf s 8 Ethyl Chioride M U
Cakium Chiodide Satd S S Ethyl Ether u u
Calkciym Hydroxide S S Ethytene Chioride 8] u
Calcium Hypachksdite BUGH Sof. S S Ethylene Chisrohydrin U u
Calcium Nitrate 50% 3 s Ethylene Dichlodde M u
Calcium Sulfate 5 s Ethylene Giycal s s
Camphor Git N u Feric Chioride Satd s s
Carbon Dioxide 100% Dry ] s Femic Nitrate Satd S 8
Carbon Dioxide 100% Wet S ] Femous Chioride Saty 5 S
Carbon Dioxide Cold Satd S ] Ferous Sulfate s s
Carbon Disutiide N U Fish Solubles s S
Carbon Monaxide s s Flucboric Acid S s
Carbon Terrachleride M U Fluotne S U
Carbonic Acid s s Fluosilicic Acid 32% s s
Caslor Gil Cone. s -8 . Fluosiicic Acid Cone. s s
© Cilodne Dry Gas 100% 8 M Fomaldehyde 40% s . N

ChlodneMoistGas . . M U . FomicAcdQ20% 8§ 8
Chlodne Uquid . Mooy Fo;muc.ﬁc:dZO—SO% 8 S
Chiorobenzene MU 7T Formic Add 100% s s

Chieraform M u Fruclose Satd ] s

Chiorosutionic ASd 100% - - M u Fruit Pulp S s -
Chrorme Alum Satd s s Fuel Ol s u
Chromic Acid 20% s s Eurfural 100% M u
Chroric Acd Up 10 50% 5 S Furturyl Alcohol M u
Chromiic Ackd and SuffuricAdd S ™ Gallic Acid Satt s s
Cider S S Gas Uquids” S M
Citric Acid Satd S s Gasoline” M u
Coconut Oil Alcohols -8 S Gin s u
Cola Concentrates s S Glucose S s
Copper Chioride Satd s s Glycacine s s
Copper Cyanids Satd S s Giyool s s
Cepper Fuodde 2% s S Giyeolic Acd 30% S s
Copper Nitrate Satd S s Grape Sugar Satd Aq. S s
Copper Suffate Diute S ] Haxanol, Tert. S ]
Coppar Sulfate Satd S § Hydrobromic Acd 50% S S
Cottonsesd OF S S Hydrocyanic Acd Satd s s
Crude O s M Hydeochionc Acd 10% s s
Cuprous Chiodde Satd s s Hydrochiocic AGd 50% s .8
Cychohexanol s S Hyckochiordc Acid 35% s s
Cyciohexanane ‘ M y Hydrochiore Acd Cone, S S
Detemgents Synthetic s b Hydrofuore Add 40% S s
Developers, Phetographic s S Hydrofluaric Acd 60% s s
Dexrin Saty s S Hydrofiuoric ASd 75% s ]
Dexdrose Safd s s Hydrogen 100% s S
Dibutylphthalate s M Hydrogen Bromide 10% s s
, Disodium Phosphate s s Hydrogen Chioride Gas Dry E] s

"HOPE Resin Service Design Factor for hydrocarbons pes the lommuda onpage 3 and BisF=025
10 compensate lor hydrocarbon saturation effects on long lerm hydrosiatic strength,

continued o page 10
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70°F  140°F 70°F 140°F TOF 1407
Reagent (21°C) (60°C) Reagent (21°C) (60°C) Reagent (21°C) (80°C)
Hychogen Peraxide 30% S s Phosphorous (Yeliow) 100% S N Sodium Bicarbonate Satd s s
Hydrmgen Peroside 0% S M Phosphods Pentoxade 100% S N Sedium Bisuliate Satd s 5
Hydsgen Phasphide 100% s s Photographic Soutions s S Scdium Bisuitite Satd S s
Hydroguinone s s Pickfing Baths Sodium Borate s 5
Hydeogen Sulfide S ) Suttunic Acid S Sedium Bromide Dilute Sol. s s
Hypochionus Acid Conc. s 5 Hydroctioric Acd S s’ Sodium Carbanate Con. s s
ks s s SulfuncNime S U Sodium Carbonate S ]
todine (Al Sol) Conc. s U Plating Solutions Sodium Chiorate Satd. s s
Lactic Acd 10% s s Brass S S Sadium Chioride Satd s s
Lactkc Acid 50% s g Cadmiumn S S Sedium Cyanide S s
f.atex s s Chomium N N Sodium Dichuemate Satd s S
Lead Acetate Satd - s Copper S S Sodium Femmicyanide s §
e O s M Gold S 5 Sodium Ferocyaride Sald S s
Magnesium Cacbonate Satd S s Indfiem S s Sodium Flucride Satd s s
agnesim Chiordde Satyd H s Lead 5 5 Sodium Hydraxide Cone., S S
Magnesium Hydroxide Satd s s Nicke! s S Sodium Hypochiorie s s
sagnesium Nitrate Satd s s Rhodium s s Sodium Nitrate s s
Magresium Suifate Sattd s s Sitvet s 8  Sodium Sulfate s . s
Mercuric Chioride Satd s 3 Tin s s Sodium Sulfide 25% s s
Mercuric Qyanide Satd ES s e s s Sodium Sutfide Satd Sol, s s
Mercurous Nitrate Satd s S Polassivm Bicarbonate Satd 8 s Sodium Sulfite Satd s s
Mercury 3 s Potassiurn Borate 1% s S Sannous Chioride Satd s S
Metiyd Alcohol 100% s s Potassium Bomate 10% S s Stannic Chionde Satd s S
ety Bromide M u Potassium Bromide Satd s ] Starch Solution Satd s S
MethyiChioide MU~ mw s
Mettyl Ethyl Ketone 100% M U Potassium Chioate Satd s S Sulludc Acd 0-50% S5
MidthylsithudcAid — " g~ g - =~ -~ Potassium Chioride Satd .S _ § .. SulfuicAcd70% - S ™M
Methyleria Chioide 100% - M - -y - - Potassium Chromate 40% s s Suffuric Acid 80% - U
Mk s s Potassium Cyanide Satd s S Sulfuric Acid 86% M U
Mineral Qs s . u Poassum Dichomale 40% S 8 Sulturic Acid 98% MU
#olasses Comm. s s Potassivm Ferl/ Sulfuric Acid, Fuming u U
WNicke{ Chioride Satd s s Femmo Cyanide Sattf s s Sulfurous Acid s s
Nicke! Nitrate Cone. s s Potassium Fluodide s s Tallow” s .M
Nickat Sulfate Satd s s Potassium Hydroxide 20% s s Tannic Acid 10% S s
Nicotine Diute S-. 8§ Petassium Hydroxide Cone. s S Tanning Exiracts Comm. s s
asotinie Acikd S 8 Potassium Nitrate Satd s S Tartaric Acid Satd N N
Dtric Acd 0-30% s s Potassium Padocate Sattd ] s Tetrahydrofurane N U
bhtric Ackd 30-50% s M Polassium Perchiorale 0% S . § Ttanm Tatrachlonde Satd =~ M U
Nitric Acd 70% s M Potassium Sultats Conc. s s Toluens M u
Nric Acid 95-95% u u Potassium Sutiide Conc. s s Transtormec Ofl s M
Nrobenzena 100% U u Potassium Suifite Conc. S S Trisodium Phosphate Satd S S
Ociyl Cresal S U Potassium Persuliate Sattd s s Trichicroethylens u u
Oiis and Fats* s M Propargyl Alcohol s s Urea Up ©20% s s
Oteic Acd Cone. S U Propyl Alechol s ] Urine s ]
Otourn Cone. U u Progyiens Dichloride 100% u u Vinegar Comam. 5 S
Orarga Extract s s Propylens Giyool s B Varita Extrac! s s
Oxalic Add Diute s s Rayon Coaguiating Bath S S Wetting Agents 5 8
Onafic Acid Satd S s Sea Wader s s Whiskey s N
Ozooe 100% s u Selenic Acd S § Wines S S
Perchloic Acd 10% s ) Stortening s s Xylene ™ u
Petroleum Ether u U Sacic Ao . s L] Yeast % s ]
Phenol 90% U U Siiver Niirate Sol. s 8 Zing Chiodide Satd s s
Phasphoric Acd Up to 30% s s Soap Solution Any Conc'n S S Zinc Sulfate Satd s s
Phosphoric Acid Over 302 s s Sodium Acetate Satd S s
FPhosphoric Add 0% s s Sodium Benzoate 35% S S

for addiional chemical resstarice listings, coasult the PRI technical repod # TR 19/10-84, Tablz |
and the 1SO technical report #1SO/Mata B-1979, Tables | 11, (lf,



Temperature Characteristics

nce pelyethylene is a thermaplastic material, many
of its physical and chemical properties are
dependent on lemperature and will change s the
temnperalure of the malterial is increased or
decreased. However, the exposure of Driscopipe 1o
temperature variations within the recommended
operaling range does not resull in degradation of the
materdal. As these temperature changes are
reversed, the malerial propedies also reverse lo their
original values.

You will note Irom the information on physical
properties that Driscopipe has a brittleness
temperature below - 180°F and a softening
temperature of +257°F. The recommended operating
temperature is limited only on the higher temperature
side lo a range of 140-180°F, dependent upon the
pressure of the application and other operating and
installation considerations. On the lower temperature
side, Drscopipe gains strength without becoming
britlle and is ideal for use al sub-zero temperatures.

Driscopipe becomes molten at 400-500°F and’
temperatures in this range are used to fusion join.the
piping system. Pipe is extruded at about the same
temperature. To protect the material against
degradation at the higher temperature, itis
chemically stabilized. This stabilizer protects the
material against thermal degradation which might
otherwise occur during manufacture, outside storage
and installation. ’

Driscopipe has been tested for thousands of hours at
elevated temperatures of 140°F and 180°F without
thermal degradation. These long term pressure tests
at the higher temperatures are used to abtain
recommended design strengths for the pipe atthese
temperatures.

Since &l theamoplastic piping materials are afiected
by lemperature, it is a2 general practice to
characlerize these materials al ambient temperature
ol 23°C (73.4°F). Nearly all ASTM tests relating 10
physical, mechanical and chemical properiies of
thermoplastic materials are conducted at this
temperalure. If a test is conducted, or a property
delined, at other than 73.4°F it is always noted.

One example of the effect of temperature on
Driscopipe is the change in long term strength of the
material as shown on the stress-life curves. This type
behavior is {rue for all thermoplastics but there are
large differences between the performance of
specific materials at the higher temperatures.

Knowledge of the long term strength of Driscapipe at
the varous temperatures allows selactive design of a
system. Accurate interpolations can be made for
other temperatures between those which are known
when data at three or more temperature levels is
available.

Cther properties of thermoplaslic pipe which change
with temperature and can affect system designand
installation procedures include the following.

Burst strength — Short term (1 minute) burst tests on
Driscopipe at various temperatures show these
typical hoop stress values:

Temperature, °F _. Hoop Stress, psi
734° 3250
32° 4300
o 5290
-20° 5670
—40° 6385

Driscopipe will quick-burst at a pressure
approximately four times greater than the rated
operaling pressure.
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Chemical Resislance - The ability of most
thermoplaslics lo resist degradalion in the presence
of corrosive chemicals is reduced as temperalure
increases. This is also true for Driscopipe but to a
lesser extent because ol its high densily and high
molecular weight. The effect of temperature on
Driscopipe in the presence of various chemicals is
shown in the chemical resistance tables.

Flexibility — As temperature is decreased, the flexibility
of Driscopipe is also decreased. This has very little
effect on installation except that at the lower winter
temperatures, coiled pipe becomes more difficult,
mechanically, 1o uncail and stretch out in the ditch.
Although Driscopipe becomes stiffer at low
temperature, it can be bent, uncailed or plowed in

with sufficient mechanical power and no damage will

occur to the pipe because of bending it at cold
temperatures,

Other Physical Properties — There is a slight change
with ternperature of impact strength, notch sensitivity,
flexural modulus, hardness and elongation ... but
none arg of such extent as to affect design
pararmeters or installation procedures over the normal
range of temperatures.

Moalulus of Elasticity — Typical values for the variance

in modulus of elasticity with temperature change is
shown below.

o e A

Thermal Expansion and Conlraction - Polyethylene,
like olher thermoplastics, has a coefficient of
expansion higher than metals. This coeflicient is
usually deterrmined by a standard test method which
employs the use of molded specimens,
Measurerments are made with a quartz dilatometer
while the test specimen is held at elevated
temperature. Typical coeff(cuant values by this method
range {rom .75 % 10 * for Driscopipe 8600 1o

.83 x 10~ for Driscopipe 1000.

The coefficient of linear expansion may also be
determined by measuring the change in length of
unrestrained pipe samples a! different temperatures.
The calcutated coeflicient is somewhat higher on
extruded pipe than on molded test specimens, This
appears to be true for alt polyethylene pipe. The
average coefficient calculated from measurements
made on Driscopi Pe in the temperature range 0°F to
140°F is 1.2x 10~

The circumferential coeiﬁc:enl of expansion and
contraction for Driscopipe is approximately .6 x 107+
in/in/F in the range of 0° 1o 140°F ... or about Y2 the
linear coefficient. This circumferential change with
temperature rarely presents any problems in system
design. There may be need to consider this factor if
compression fittings are used.

The expansion or contraction for Driscopipe can be

stated in an easy rule of thumb ... the pipe will
expand or contract approximately 1.4 per 100 feet for

. Modulus of
T Temperature °F Elasticity; psi
=200 . .. .. . ,;“‘:'-300.000__% ~
¢ ORI . - 5 0.0,
32° . 200.000
75° .. .. .-130,000
100° - 105,000
140° 60,000

each 10°F changein temperature. Thusa 1000 foot—:

_unrestrained line which undergoes a 20°F increase in

o temperature change wﬁl increase in length 28 lr_u:hes

LS

The relatively large amount of expansion and
contraction of plastic pipe generally presents no real
problems in installation. The pipe has a relatively low
elastic modulus and consequently there is less stress
build-up. These stresses, caused by temperature
change, are easily dissipated due to the
thermoplastic nature of the materal which relaxes
and adjusts with time.



Teats have been conducled wherein the temperalure
re than 100 leel ol unrestrained pipe was

1ged 130°F in a period of a lew minutes. The latal
force crealed by conlraclion was measured and
proved 10 be about (%) one-hall the theoretical
calculzied value. Thermoplastic materials are unique
in their ability 10 stress-relieve themselves. Actual
changes in ternperature in most applications take
place slowly over an exiended period of lime. The
total siresses imposed will vary but are generally
much lower than the calculated values.

Direct buried pipe will generally have ample sail
friction and interference to restrain movement of the
pipe under normal application temperature changes.
itis a good idea to make the final tie-ins on a system
at atemperalure whichis as close to operating
temperature as possible. This is particulary true for
insert liner systems where there is no soil restraint.

Norrnal goed direct burial installation practices which
include snaking the pipe in the ditch, proper backill
and compaction, making ihe tie-in at the proper
temperature, etc. should be used at all times and will
substantially reduce the possibility of pull out at tie-in
connections on such installations. However, planning
the transition tie-in becomes more important when
Oriscopipe is used for insert renewal inside anather
pipe because there is no restraint from earth loading.
* contraction of the pipe due to reduction in
perature is freely transmitted to the transition
. .onnection and may result in pull-out if proper design

precautions are not taken. In those cases, it may be
necessary lo provide additional anchoring atthe
terminations of the insert liner. Cancrete anchors
poured into undisturbed soil and cast around anchor
projections in the Driscopipe line will restrict
movement at the end of the line, Anchor projections
on the Driscopipe liner can be made by fusing a blind

“tee into the line ot by the use of two reducers, to the

next larger size of pipe, fused together in the line.

Themnal Conductivity — This property of Driscopipe is
tower than that for metals and can sometimes be
exploited in the design of the system. {t may eliminate
or reduce the need for insulating pipe which carries
waler or other fluids through freezing temperatures.
Thermal Conductivity of Driscopipe is 2.7 BTU per
hour per sq. ft. per °F pecinch of thickness, The slow
heat transfer inhibits freezing and, if nonmal budial
precautions are used, accidental freezing is usually
eliminated. If the pipe does freeze, it does not fracture
but fluid flow will be stopped. It will resurme its function
upon thawing. Direct application of intense heat
should not be used to thaw a line. Antifreeze
compounds such as methanol, isoproponal and
ethylene glycol can be used without detrimental effect
on the pipe.

Ignition Temperatures —The flash point for high density
polyethylene using the Cleveland open cup method
(ASTM Dg2) is 438°F The flash ignition and self
ignition temperatures using ASTM D1929 are 645°F
Ad B0 o e i, Tt T

&
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Weatherability

Two principal factors influence the wealhering of
plastic pipe in oulside above ground applications ...
lemperature changes caused by seasonal variations
and solar healing and solar radialion of ultraviolet
rays. Efiects of temperature varialions on Driscopipe
were discussed in the preceding section. Expansion
and contraction of a line above ground, due (o
differential healing, will cause the line to move
laterzlly, particularly il itis emply. This moverment can
easily be conlrolied within desired limits through [he
use of restraints.

Driscopipe is also protected against degradation
caused by ultraviolet rays when exposed 10 direct
sunlight. The material contains 2¥2% of finely divided
carbeon black which also accounts for the black color
of Driscopipe. Carbon black is the most effective -~
single additive capable of enhancing the weathering
characteristic of plastic materals. The protection
even relatively low fevels of carbon black impart to the
plastic is so great that it is not necessary to use other
light stabilizers or UV absorbers.

Weatherability tests indicate that Driscopipe can be
safely used outside in most climates for periods of
many years without danger of loss of physical
properties due 10 UV exposure. Phillips has done
exiensive testing of polyethylene compounds
containing 2 to 3% carbon black and compared
“these 10 ather UV stabilizerstodetermine their—
effectiveness for protection against UV degradation

in outdoor exposure. Samples were aged in outdoor .

exposure in three geographical locations: Phoenix,

“plastic .- the-higherthe density the lowerthe

Arizona, Barllesville, Oklahoma (Phillips 66
headquarters) and Akron, Ohio. From these actyal
tests, it was determined that cne year exposure in
Arizona was equivalent to at least two years in
Barllesville and greater than three and one-half years
in Akron.

Weather-Ometer tests were run under standard
conditions as setout in ASTM D 1499-64 and
compared with the actual test samiples in the three
locations described above. From this test work, it was
determined, conservatively, that 5000 hours
(approximately 7 months) in the Weather-Ometer
compares 1o greater than 42 months exposure in
Arizona. Samples containing 2 to 3% carbon black
and thermal stabilizers as used in Driscopipe have
been tested for greater than 25,000 hours (2.85
years) in the Weather-Ometer without any brittleness
orloss of phy-sica! properties. This is equivaient to
over 17 years in Anzona and over 60 years in Akron,
Ohio.

Permeability

The permeability of gases, vapors or liquids through
a plastic membrane is generally considered to be an
activated diffusion process. That is, the gas, vapor or
liquid dissolves in the membrane and then diffuses t¢
a pasition of lower concentration. The permeation rate
is determined by the functional groups of the
permeating molecules and by the density of the

. permeability. L:sted below are typlcal permeablllty
rates forHDPE e e




Permeability

Rate*
—a. 0 Dioxide 345
Hydrogen 321
Oxygen 111
Hefium . 247
Ethane 236
Natural Gas . 113
Freon 12 95
Nitrogen 53

*Cubic centimeters per day per 100 sq. inches per mil thickness at
atmosphernc pressure ditterential.

These permealion rates are considered very low.
They result in negligible loss of product and create no
hazard. For example, polyethylene piping systems
are the predominant material used to construct new
gas distribution systems and to renew old
deterorated systems. The permeation rate will vary in
direct proportion to the differential pressure applied.

If the internal operating pressure is 60 psi, for
example, the permeability rate would be _
approximately 4 times that shown above but volume
losses would still be extremely low. Calculated
volume loss in one mile of SOR 11 pipe (any size) in

" one day, for natural gas, would be ¥a of one cubic
i~f, A 120 psi, it would be ¥z cubic fool per day.

Abrasion Resistance

One of the many outstanding characleristics of
Driscopipe polyethylene is its resistance 1o abrasion.
The inherent resilience and toughness of Driscopipe
allows the mining industry to use this pipe in
numerous surface applications where more
conventional materials would be unsatisfactory,
either because of the terrain encountered or the
abrasiveness of the slurry to be moved. Quite often,
a Driscopipe system offers substantial economic
advantage as a means of transparl over more
conventional transportation methods used in the
mining industry. Some of the more common
applications include tailings lines and ihe transport of
gypsum, limestone, sand, slimes and coal.

Due to its unique toughness, as indicated by low melt
flow values, Driscopipe 8600 provides improved
abrasion resistance over all other polyethylene

piping materials. Controlled pipe loop pumping tests

have demonstrated that Driscopipe can outlast steel
pipe by as much as 4 o 1, One such test, performed
by Williams Brothers Engineering, Tulsa, Oklahoma,
compared Driscopipe to steel in pumping a coarse
particle size magnetite iron ore slurry, At 132 f/sec
velocity, Oriscapipe was betier by a factor of 4:1 and
at17 f'sec by afactor of 3:1.

15
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“ polyethylene. There are many reasons ..

Heat Fusion Joining

The heat fusion joining technique has a long history
of use for joining polyethylene pipe materials. The
heal fusion method of joining PE pipe began shortly
after the first cormmercial production of high density
polyethylene in the early 1950s .. both developed by
Phillips 66.

The integrity and superiority of heat fusion are now
recognized universally. The modern day heat fusion
jointis the same joint made in 1956 ... only the fusion
equiprment has evolved to gain efficiency, reliability
and convenience. The principles learned on early
equipment for making a successiul joint are still in use
today. Phillips designed, developed and built many
maodels of heat fusion equipment from 1956 until the
early 1970s. Since that time, Phillips has guided this
developmenl by others. The extensive line of high
quality, efficient fusion equipment offered by McElroy
Manufacturing, Inc., Tulsa, Oklahoma is one of the
results of this long history of development. Phillips
pioneered the idea and development of heat fusion
and has used it exclusively in every high density
polyethylene piping systemn sold by Phillips since
1956. There are millions of these joints in service
today. In fact, 92% of all natural gas distribution pipe
to homes, farmis and factories is installed with
polyethylene pipe and fittings. Heat fusion joints are
industry accepted and field proven.

The heat fusion joining system has been so
successful that itis the “standard” joining system for
.here are
some.

Heat fusion joining ideally meets the requirements {or
2 fast joining method to facilitate all phases of
conslruction work in a sale and reliable manner,

The heal lusion joint is structurally superior to the
socket {usion joint by configuration and, therefore,
betier meels the requirements ol service. The heal
joint configuration allows it to betler disperse stresses
initiated by pipe deflection and external loading,
Slress concentration is minimized when the joint is
placed in a strain and the joint is more “forgiving™
when ground setllement dccurs. In a socket joint,
there is an extrernely high ratio of “joint wall™ 1o “pipe
wall”, resulting in stress intensification from external
loading.

The Driscopipe heat fusion joining system is a simple,
visual procedure with straight forward instructions. No
“liming cycles” are necessary. The visual procedure
allows the operator to concentrate on his work rather
than a clock. Visually, he knows when the pipe ends
have melted to the degree required 1o fuse them
together. Visually, he observes and contrals fusion
pressure by observing the amount and oonlsgurauon
of the fusion bead as itis formed.

In the course of this work, the fusion operator is faced
with a wide variety of job conditions. Changes in air
ternperature, material temperature, wind velocity, sun
exposure, humidity, as well as condition of the terrain
and the equipment all influence the joining
requirements. Quality work under field conditions is
more consistent with a simple, straight-forward, visual
procedure.’




On~ heat fusion operator, with equipment, typically

~e whole cperaticn himself, sometimes using 2
... .ond person as a helper. Pipe 1o0lerances, ovality
and cunvature are no problem and "mell” is easity
controlled by the visual procedure.

Heat fusion joints offer a large advantage over socket
coupled joints lor plow-ininstaltation and for insert
renewal applications. Sockel coupled pipe requires
larger size plow chutes and bore holes. Heat fused
pipe one size larger canusizlly be handled and
installed through bare holes and plow chutes
selected for sockel coupled pipe. Larger sizes of heat
{used pipe can be used inside old mains for insert
renewal because it does net require the extra space .
for the coupling.

Heat fusion joints may easily be cut out and re-done.
This fact has a bearing on the quantity and quality of
training necessary and favorably affects operator
attitude toward quality in the field. These joints can be
easily cut aut and destructively tested in the field to
check joining proficiency and equipment-condition
and il's inexpensive. There is no coupling to destroy
and throw away.

The heat fusion joining system is especially effective
with Driscopipe 8600. The melt of this material is very
viscous and tough. The operator can apply ample
reessure to form the heat fusion joint with fittle danger
wcing the molten material from between the two
Js of the joint, as can be done with the softer, less
viscous, high density materials.

Driscopipe 8600 can be {usion joined 10 other
polyethylene piping materiz!s when necessary,
Special joining techniques are.requiced o achieve
good joints, Phillips Driscopipe techaical personnel
are available 1o instruct and demonstrate the fusion
joining procedure for joining Driscopipe to other
polyethylene materials.

Fatigue Resistance

Driscopipe 8600 very high molecular weight, high
density polyethylene has superior resistance to
fatigue failure caused by cyclic loading. Independent
laboraiory tests were conducled to determine the
suitability of Driscopipe 8600 for use as the coid
water supply pipe and the barge mooring leg of the
Mini-OTEC Project (Hawaii, 1979). In that application,
2150 of 24" 60 psi Driscopipe 8600 was deployed
vertically in a deep ocean trench just offshore
Keahole Point and was subject to cyclic distortion
caused by wave action, current, and barge motion.

Cyclic tests showed that Driscopipe 8600 very high
molecular weight PE could endure more than 100,000
cycles at a stress of 1800 psi without failure. Copies
of this test report are avialable upon request.

Driscopipe 1000 offers good fatigue secvice life also,
but not equal to 8600. Neither requires de-rating like
PVC AWWA C-200 pipe. In fact, per AWWA C-806 for
410 63" HDPE pips, no water hammer or fatigue de-
raling factor nead be applied to Driscopipe 8600 or
Driscopipe 1000 ductile PE pipe.

The Driscopipe performance team offers you
innovative solutions to your piping requirements.
Contact your nearest Driscopipe Sales ,
Representative. He'll give you personalized technical
service, installation assistance and all the cost-saving
advantages of a Driscopipe Piping System.
Engineered for Perforrmance!
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butane may condense and liquefy in the
pipe. Such liquefied fuel gasses are
known to permeate polyethyiene pipe,
and result in unreliable heat fusion or
electrofusion joints.

In polable water applications, permeat-
ing chemicals could affect the pipe or
waler in the pipe. ANSVAWWA stand-
ards provide the following guidance for
potable water applications:
“The selection of materials is crifical
for water service and distribution pip-
ing where there is likelihood the pipe
will be exposed to significant concen-
trations of pollutants comprised of
low molecular weight petroleum prod-
ucts or organic solvents or their va-
pors. Research has documented that
pipe materials such as polyvethylene,
polybutyicne, polyvinyl chloride, and
asbestos cement, and elastomers, such
as used in jointing gaskets and pack-
ing glands, may be subject to permea-
tion by lower molecular weight
organic solvents or petroleum prod-
ucts, If water pipe must pass through
such a contaminated area or an area
subject to contamination, consult with
the manufacturer regarding permea-
tion of pipe walls, jointing materials,
and so forth, before selecting materi-
als for use in that arca.”"

Chemical Attack

A direct chemical attack on the polymer
will result in permanent, irreversible
polymer damage or chemical change by
chain scission, cross-linking, oxidation,
or subgtitution reactions. Such damage

or change cannot be reversed by remov-
ing the chemical.

Chemical Resistance fn-
Fformation

The following chemical resistance guide,
Table 5-1 (next page), presents immer-
sion test chemical resistance data for a
widc varicty of chemicals.

[} "This data may be applicable to grav-
ity flow and low stress applications.

1t may not be applicable when there
1s applied stress such as iniernal pres-
sure, or applied stress at elevated
lemperaiure.

Unless stated otherwise, polyethylene
was tested in the relatively pure, or con-
cenirated chemical.

It is generally expected that dilute chemi-
cal solutions, lower (emperatures, and
the absence of stress have less potential
to affect the material. At higher tempera-
ture, or where there is applied stress, re-
sistance may be reduced, or
polyethvlene may be unsuitable for the
application. Further, combinations of
chemicals may have effects where indi-
vidual chemicals may not.

Testing is recommended where informa-
tion about suitability for use with chemi-
cals or chemical combinations in a
particular environment is not available.
PLEXCO cannot provide chemical test-
ing services.

Second Edition
©1998 Chevron
Chemical Company
LLC

Issued 12/98

1 ANSIAWWA C906-90, Seciion 1.2; ANSHFAWWA C901-96, Section 4.1.

Chapter 5: Environmental Effects

Plexcu/Spirolite Engineering Manual Vol.

page 25
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Tahie 5-1 Chemical Resistance

Because the particular conditions of cach application may vary, Table 5-1 inforina-
tion should be used only as a preliminary guide for PLEXCO and SPIROLITE poly-
ethylene pipe materials. This information is offered in good faith, and is believed o
be accurate af the tisme of publication, but it is offered without any warranty, ex-
pressed or implied. Additional information may be required, particularly in regard
to unusual or special applications. Delerminations of suitability for use in particu-
lar chemical or environmental condifions may require specialized laboratory fesi-
ing.

Additional information on chemical compatibility may be found in PPI TR-19, Ther-
moplastic Piping for the Transport of Chemicals.

Chemical Resistance Kay

_ Keyt | Meaning }

X resistant (swelling <3% or weight loss <0.5%; elongation at break not substantiaily changed)

/ limited resistance (swelling 3 - 8% or weight loss 0.5 - 5%; elongation at break reduced hy <50%)

— not resistant (swelling > 8% or weight loss >5%; elongation at break reduced by >50%)

D discoloration

aqueous solutions in all concentrations

*%

only undar low mechanical strass
7 Where a key is not printed in the tahle, data is not available.

Medium 73°F 740°F Medium 73°F 140°F
Acetaldehyde, gaseous X / Ammania, liquid {100%) X X
Acetic acid (10%) X X |Ammonium chloride =X X
Ac:etip acid (j []D‘.’{a)_ X /D éAmmenium flouride, aqueous X X
{Glacial acetic acid} {{up to 20%) .
Acetic anhydride X /0 Ammonium nitrate =Y X
Acetone X X Ammonium sulphate X X
Acetylene tetrabromide 0 — —_ Ammenium sulfide *X X
Acids, aromatic X X Amyl acetate X X
Acrylonitrite X X Aniline, pure X X
Adipic acid X X Anisole / —
Allyl alcohol X b Antimany trichloride X X
Aluminum chloride, anhydrous X X Aqua regia - o
Aluminum sulphate X X Barium chloride X X
Alums X X Barium hydroxide *X X
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Medium
Beeswax
Benzene
Benezenesulphonic acid
Benzoic acid

Benzy! alcohol

Borax, all concentrations
Boric acid

Brine, saturated
Bromine

Bromine vapor
Butanetriol

Butanol

Butoxy!

Bulyt acetate

Butyt glycal

Butyric acid

Calcium chloride
Calgium hypochlorite
Camphor

Carbon dioxide
Carbon disulphide
Carbon tetrachloride
Caustic potash
Caustic soda
Chicrine, liguid
Chtorine bleaching soiution
(12% active chlarine)
Chlorine gas, dry
Chlerine gas, maoist

Clorine water {disinfection of
mains}

Chioroacetic acid {mono)
Chiorobenzene

Chioroethanal

Chioroiorm
Chlorasulphonic acid
Chromic acid (80%)
Citric acid

Coconut oil

Copper salts

Corn oil

Creosote

Creosol
Cyclohexane
Cyclohexanol

Chapter 5: Environmental Effects

73°F

X

X

>

*X

140°F
**ien

;
/

L4

Xt/

X

—

><

XD

! Medium
Cyclehexanone
Decahydronaphthalene
Desiceator grease
Detargents, synthetic

Dextrin, aqueous {18%
i saturated}

Dibuty! ether

Dibutyl phthalate
Dichloroacetic acid (100%
i Dichloroacetic acid (50%)

Dichlorbenzene

i Diclolorethane
Dicloroethylene
Diesel oil

Diethyi ether
Diisobutyl ketone
Dimethyl formamide {100%)
Dioxane
Emulsifiers
Esters, aliphatic
Ether

Ethyl acetate
Fthyl alcohal
{Ethyl giycol

Ethyl hexana!

Ethylene chloride
{dichlorothene)

Ethylene diamine
Fatty acids {>C%)
Feric chloride™

Fiuoring
Fluorocarhons
Fluorasilic acid, agueous {up to
329%)

Formatdehyde {40%)
Formamide

Formic acid

Fruit juices

1Frw‘t pulp

Furfury! alcohot
Gelatine

Glucose

Glycerol

Glyceral chlorohydrin
1Glyco! {conc.)

Plexco/Spirolie Engineering Manuat Voi, |
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Medium
Glycolic acid (50%)
Glycolic acid (70%)
Halothane
Hydrazine hydrate
Hydrobromic acid (50%)

Hydrochleric acid
(all concentrations)

Hydrocyanic acid
Hydrofluoric acid (40%)
Hydrofluoric acid (70%)
Hydrogen

Hydrogen chloride gas, moist
and dry

Hydrogen peroxide (30%)
Hydrogen peroxide {100%)
Hydrogen sulfide

lodine, tincture of, DAB 7
{German Pharmacopoeia)

Isnoctane
Isopropanol
Isopropyl ether

Jam

Keotones

Lactic acid

Lead acetate
Linseed oil
Magnesium chloride
Magnesium sulphate
Maleic acid

Malic acid

Menthol

Mercuric chloride {sublimate)
Mercury

Methanol

Methyl butanol
Methyl ethyl ketone

Methyt glycal

Methylene chloride

Mineral oils

Molasses

Monochloroacetic acid
Monochloroacetic ethyl ester
Monochloroacetic methyl ester
Morpholine

Naptha

Naphthalene

Nickel salts

Plexco/Spirolitee Engineering Manual Vol. 1

73°F
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Medium
Nitric acid (25%)
Nitric acid (50%)
Nitrobenzene
o-Nitrotoluene
Octyl cresol

Qils, ethereal

Oils, vegetable & animal

QOleic acid (conc.)

Oxalic acid (50%)

Ozone

Ozone, aqueous solution (Drinking
water purification}

Paraffin oil

| Perchlaric acid (20%)

|Perchloric acid (50%)

| Perchioric acid (70%)

iPetruI

| Petroleum

Petroleum ether
Patroleum jelly

Phenal

Phosphates
Phosphoric acid {25%)
Phosphoric acid (50%)
Phosphaoric acid (95%)
Phosphorus oxychloride
Phosphorus pentoxide

Phospharus trichloride

Photographic developers, commecial
Phthalic acid {50%)

Polyglycols

Potassium bichromate (40%)
Potassium borate, aqueous (1%)

Potassium bromate, agueous {up to
10%)

' Potassium bromide

Potassium chloride

! Potassium chromate, agueous (40%)

Potassium cyanide

| Potassium hydroxide {30% sofution)
Potassium nitrate

| Potassium permanganate

| Propanol

| Propionic acid {50%)

| Propionic acid {100%)

73°F
X

DL oDE B D DL D DL o DD B e M B

X
Xt/
X
X

- L A 4

o o X oM X X

= M o

140°F
X

/
/

— o =

Xto/

/

X OO X x x5

E e R T

= = >

= B
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Medium
Fropylene glycol
Pseudocumene
Pyridine
Seawater
Silicic acid
Siticone oil
Sitver nitrate
Soduim benzoate
Sodium bisulphite, weak ague-
ous solutions
Sodium carbonate

Sodium chloride
Sodium chiorite {50%)

Sodium hydraxide (30%
solution)

Sodium hypochlorite (12%
active chloring}

Sodiumn nitrate
Sodium silicate
Sodium sulfide
Sedium thiosulphate
Spermaceti

Spindle oil

Starch

Steric acid

Succine acid {50%)
Sugar syrup
Sulfates

Sulfur

Sulfur dioxide, dry
Sulfur dioxide, moist
Suffur trioxide ‘
Suifuric acid {10%)
Sulfuric acid {50%)
Sulfuric acid {98%)
Sulfuric acid, fuming
Sulfurous acid
Sulfuryl chloride
Tallow

Tannic acid {10%)
Tartaric acid
Tetrachloroethane
Tetrahydrofurane
Tetetrahydronapthalene
Thiony! chloride

Chapter 5: Environmenta! Effects

73°F
X

P A G G

**Xto/
**Xto/
X

140°F

e o T e T T 4

>

N A

= o | o= ok o= o X = w X

ok o=

Medium
Thiophene
Toluene
Transformer oil
Tributyl phosphate
Trichloroacetic acid {50%)
Trichloroacetic acid (100%)
Trichloroethylene
Triethanolamine
Turpentine, oil of
Tween 20 and 90 {Atlas
Chemicals)
Urea

Vinegar {commecial cong.)
Viscose spinning solutions

\Waste gases containing
carhan dioxide

carbon monoxide
hydracloric acid {all conc.)
hydrogen fiuaride (traces)
nitrous vitrigl (traces)
stlfur dioxide {low cone.)
sulphuric acid, moist (all
conc.)

Water gas

Xylene

Yeast, aqueous preparations

Zinc chloride

Plesco/Spirokite Engineering Manual Vol. §
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1.0 INTRODUCTION

Lea Land LLC (the Facility) is an existing Surface Waste Management Facility (SWMF) providing
oil field waste solids (OFWS) disposal services. The existing Lea Land SWMF is subject to
regulation under the New Mexico Oil and Gas Rules, specifically 19.15.9.711 and 19.15.36 NMAC,
administered by the Oil Conservation Division (OCD) of the NM Energy, Minerals, and Natural
Resources Department (NMEMNRD). This document is a component of the “Application for Permit
Modification” that proposes continued operations of the existing approved waste disposal unit;
lateral and vertical expansion of the landfill via the construction of new double-lined cells; and the
addition of waste processing capabilities. The proposed Facility is 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, Lea Land LLC.

The Lea Land SWMF is one of the most recently designed facilities to meet the new more stringent
standards that, for instance, mandate double liners and leak detection for land disposal. The new
services that Lea Land will provide needed resources to fill an existing void in the market for

technologies that exceed current OCD requirements.

1.1 Site Location

The Lea Land site is located approximately 27 miles northeast of Carlsbad, straddling US Highway
62-180 (Highway 62) in Lea County, NM. The Lea Land site is comprised of a 642-acre = tract of
land encompassing Section 32, Township 20 South, Range 32 East, Lea County, NM. Site access
is currently provided on the south side of US Highway 62. The coordinates for the approximate
center of the Lea Land site are Latitude 32°31'46.77” and Longitude -103°47°18.25".

1.2 Facility Description

The Lea Land SWMF comprises approximately 463 acres + of the 642-acre = site, and will include
two main components: an oil field waste Processing Area and an oil field waste solids Landfill, as
well as related infrastructure (i.e., access, waste receiving, stormwater management, etc.). Oil field
wastes are delivered to the Lea Land SWMF from oil and gas exploration and production operations
in southeastern NM and west Texas. The Permit Plans (Attachment Ill.1.A) identify the locations

of the Processing Area and Landfill Disposal facilities. The proposed facilities are detailed in Table

Gordon/PSC .7-1 01041618
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11.1.2 (Volume I1.1), and are anticipated to be developed in four primary phases as described in
Table 11.1.3 (Volume I1.1).

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. That is, the final
cover and leachate collection system must allow adequate stormwater to runoff to the management
controls, and to convey generated leachate such that the head on the primary high-density

polyethylene (HDPE) flexible membrane liner (FML) does not exceed 12 inches.

3.0 FOUNDATION SOILS SETTLEMENT

The methodology for estimating floor potential settlement involves selecting points on the landfill
floor surface, computing the settlement at each point, and evaluating the resultant change in
surface elevation. Points were conservatively selected from a cross-section where the waste and
fill material is thickest. Qian et al. (2002), present a method to determine landfill foundation
settlement that evaluates elastic, primary, and secondary settlement. Recent laboratory testing
evaluated a mixture of clayey sands and sand-clay (i.e., USCS Classifications SC) in the primary
excavation area. The laboratory testing results compiled from samples at applicable depths from
geotechnical borings conducted on-site are provided in Volume I111.4, Attachments 111.4.B and
lll.4.C. Foundation soils consisting of clayey sands and sand-clay mixtures, elastic settlement is
conservatively assumed for this calculation. The elastic settlement is estimated using equation
12.20 from Attachment IIl.7.A, p. 469.

7 (AO’)H
e MS (o]
Where:
Ze = elastic settlement of soil layer (ft)
Ho = initial thickness of soil layer (ft)
Ao = increment of vertical effective stress, Ib/ft?
Ms =  constrained modulus of soil, Ib/ft?

The constrained modulus is provided in equation 12.21 from Attachment lIl.7.A, p. 470.
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_ Eg(1—wvs)
Ms = (1 +vg)(1 — 2*vg)

Where:
Ms =  constrained modulus of soil, Ib/ft?
Es = elastic modulus of soil (Ib/ft?) Attachment lIl.7.A, p. 310

Es was interpolated from the data from Table 9.5, p. 310 (Attachment
ll.7.A) for CL, MH, GC, SC soils between 85% and 95% standard
Proctor dry density to determine Es for 90% as specified in the subgrade
soils. Es= (800 psi +1,500 psi)/2 = 1,150 psi x144 in?/ft> = 165,600 Ib/ft?.
Vs =  Poisson’s ratio for soil = 0.39, which was found using the same method
to estimate the elastic modulus of sail.
Settlement is estimated at the select locations (East-West Stations 2+00 through 19+00, and
North-South Stations 1+00 through 23+00 shown on the landfill cross-sections (Figure 111.7.1).
An example calculation is demonstrated at Station 10+00 on East-West Cross Section B, with a

total overburden depth of 205 ft. (final cover + intermediate cover + waste + protective soil layer).

East-West Station 10+00

Elastic Foundation Soil Settlement

Thickness of Waste = 200 ft. (assume entire thickness of waste from intermediate cover to
top of protective soil layer; this provides a conservative analysis)

Unit Weight of Soil = 101.8 Ib/ft*> Dry Density

Unit Weight of Waste = 74 |b/ft>

Ac = (waste effective stress) + (protective soil layer effective stress) + (intermediate cover
effective stress) + (final cover effective stress)

AG = (200 ft)(74 Ib/ft)+(2ft)(101.8 Ib/ft)+(1 ft)(101.8 Ib/ft%)+(3.0 ft)(101.8 Ib/ft?)=15,411 Ib/ft?

_ 165,600 1b/ft2(1—0.39)
ST (1+0.39)(1 —2%0.39)

= 330,333.55 Ib/ft2

Ho = 206 ft. the full thickness of the compressible CL, MH, GC, SC soils; the compressible soil
is considered incompressible at the depth of 45 ft.

15,411
e = (

330,333.55) 4> ft=2127t

Settlement between East-West Stations 9+00 and 10+00 = 2.05 ft. — 2.12 ft. = - 0.071 ft.

Gordon/PSC .7-3 01041618
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Change in slope of base grade:
Elevation of base grade at East-West Station 10+00 = Approximately 3,505 ft.
Updated elevation of base grade at East-West Station 10+00 = 3,505 ft. — 2.12 ft. = 3,503 ft.

(3,505.65 ft — 3,503.08 ft)
Updated base grade slope = 100 ft X 100 = 2.57%

Change in base grade slope = 2.50% - 2.57% = -0.07%
The angular distortion between East-West Station 9+00 and 10+00 is determined as follows:

Settlement — Settlement
( 9+00 10+00) +100

Distortion = -
distance

Distortion = ZOSE=2A2f0) 106~ 0.073%
Lstortion = 100ft X = VU. 0

A summary of potential foundation soils settlement is provided in Tables Ill.7.1 and IlIl.7.2. The
angular distortion between each point is calculated as above. The maximum angular distortion
of the foundation soils on the floor (i.e., settlement points East-West Stations 4+00 to 16+00 and
North-South Stations 3+00 to 16+00) of the landfill is 0.26% between Stations 5+00 and 6+00 on
the North-South Cross-Section A. The minimum slope on the landfill floor; perpendicular to the
leachate collection pipe is approximately 3.52% after settlement. Additionally, the minimum slope
of the leachate collection pipe is 2.24% to the leachate collection sump. These slopes are
adequate and will ensure that the design and performance standards for the leachate collection

system will be met.
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TABLE IIl.7.1 - Settlement and Angular Distortion of Foundation Soils Between Points
North-South Cross-Section A

Total Distance Angular Distortion Design Base Design Slope | Updated Base | Updated Slope
Station Settlement | Between Points Distortion (%) Direction grade Elevation | Between Point | grade Elevation| Between Point
(feet) (feet) (feet) Locations (%) (feet) Locations (%)
1+00 0.00 3537.30 3537.30
100 0.590 v 24.70 25.29
2+00 0.59 3512.60 3512.01
100 0.296 v 8.60 8.90
3+00 0.88 3504.00 3503.12
100 0.232 v 1.90 1.67
4+00 1.12 3505.90 3504.78
100 0.190 v 2.10 1.91
5+00 1.31 3508.00 3506.69
100 0.257 v 0.60 0.86
6+00 1.56 3507.40 3505.84
100 0.240 v 2.90 3.14
7+00 1.80 3504.50 3502.70
100 0.211 v 1.60 1.39
8+00 2.01 3506.10 3504.09
100 0.034 v 2.10 2.07
9+00 2.05 3508.20 3506.15
100 0.039 v 0.40 0.44
10+00 2.09 3507.80 3505.71
100 0.020 v 2.80 2.82
11+00 2.1 3505.00 3502.89
100 -0.020 v 1.30 1.32
12+00 2.09 3506.30 3504.21
100 -0.028 v 2.00 2.03
13+00 2.06 3508.30 3506.24
100 -0.007 v 0.00 0.01
14+00 2.05 3508.30 3506.25
100 0.022 v 2.90 2.92
15+00 2.07 3505.40 3503.33
100 -0.019 A 1.10 1.12
16+00 2.05 3506.50 3504.45
100 -0.061 A 5.60 5.66
17+00 1.99 3512.10 3510.11
100 -0.247 A 24.60 24.85
18+00 1.75 3536.70 3534.95
100 -0.247 A 24.60 24.85
19+00 1.50 3561.30 3559.80
100 -0.318 A 32.40 32.72
20+00 1.18 3593.70 3592.52
100 -0.153 A 12.90 13.05
21+00 1.03 3606.60 3605.57
100 -0.351 A 24.20 24.55
22+00 0.68 3630.80 3630.12
100 -0.490 A 24.20 24.69
23+00 0.19 3655.00 3654.81
Notes:

Stations Correspond to Figure 111.7.1
A = potential upward distortion

V¥ = potential downward distortion
Elevations based on NM State Plan Coordinate System
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TABLE IIl.7.2 - Settlement and Angular Distortion of Foundation Soils Between Points
East-West Cross-Section B

Total Distance Angular Distortion Design Base Design Slope | Updated Base | Updated Slope
Station Settlement | Between Points Distortion (%) Direction grade Elevation | Between Point | grade Elevation| Between Point
(feet) (feet) (feet) Locations (%) (feet) Locations (%)
2+00 0.00 3557.40 3557.40
100 0.547 v 25.00 25.55
3+00 0.55 3532.40 3531.85
100 0.368 v 12.20 12.57
4+00 0.91 3520.20 3519.29
100 0.249 v 2.50 275
5+00 1.16 3517.70 3516.54
100 0.239 v 2.50 2.74
6+00 1.40 3515.20 3513.80
100 0.264 v 2.50 2.76
7+00 1.67 3512.70 3511.03
100 0.224 v 2.50 272
8+00 1.89 3510.20 3508.31
100 0.158 v 2.50 2.66
9+00 2.05 3507.70 3505.65
100 0.073 v 2.50 257
10+00 212 3505.20 3503.08
100 0.001 v 2.50 2.50
11+00 212 3502.70 3500.58
100 -0.025 A 2.50 247
12+00 2.10 3500.20 3498.10
100 -0.225 A 2.50 2.28
13+00 1.87 3497.70 3495.83
100 -0.185 A 2.50 2.31
14+00 1.69 3495.20 3493.51
100 -0.227 A 2.50 227
15+00 1.46 3492.70 3491.24
100 -0.186 A 2.50 2.31
16+00 1.27 3490.20 3488.93
100 -0.304 A 5.20 5.50
17+00 0.97 3495.40 3494.43
100 -0.463 A 25.00 25.46
18+00 0.51 3520.40 3519.89
100 -0.423 A 20.90 21.32
19+00 0.08 3541.30 3541.22
100 -0.083 A 0.00 0.08
3541.30 3541.30
Notes:

Stations Correspond to Figure 111.7.1
A = potential upward distortion

V¥ = potential downward distortion
Elevations based on NM State Plan Coordinate System
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40 WASTE SETTLEMENT CALCULATIONS

The methodology to estimate waste settlement involves selecting key points on the final cover
surface, computing the settlement at each point, and evaluating the resultant change in surface
elevation. Points were selected from North-South Cross-Section A and East-West Cross-Section
B (Figure 111.7.1). Qian et al. (2002; Attachment 11l.7.A) present a method developed by Sowers
(1973) for determining settlement in landfills. This method is based on developed soils

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

The primary settlement is estimated using equation 12.4 (Attachment lIl.7.A, p. 449):

A, = C, 10 1og T
€T T te, °8 o,
Where:

AH = primary settlement

Cd(1+e;) = 0.006 (Attachment IIl.7.B, p. 393, D, = 80%)

Ho = initial thickness of the waste layer before settlement (assume entire
thickness of waste from intermediate cover to the top of protective soil
layer; this provides a conservative analysis) [Figure IlI1.7.1] = 200 ft.

Oo = previously applied pressure in waste layer (assumed to equal the
compaction pressure = 1,000 Ibs/ft?)

Oi = total overburden pressure applied at the mid-level of the waste layer

(Ibs/ft2)

Long-term secondary settlement is estimated by equation 12.10 (Attachment Il.7.A, p.451):

AH, = Cy—1o_jog 2

sTha e 08

Where:
AHs =  secondary settlement
Ca = Y3 [Cd(1+eo)] = 0.002 (Attachment 111.7.B, p. 393)
Ho = waste thickness at start of secondary settlement = H-H. (Figure 111.7.1)
t1 = starting time of secondary settlement (1 year)
t2 = ending time of secondary settlement = Assume 30 years

Settlement is estimated at the key locations (North-South Stations 1+00 through 23+00 and East-
West Stations 2+00 through 19+00) shown on the landfill North-South Cross-Section A and East-
West Cross-Section B (Figures 111.7.1). An example calculation is demonstrated at Station

11+00, the location of maximum waste depth for North-South Cross-Section A (i.e., 200 ft).

Gordon/PSC .7-8 01041618
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North-South Station 11+00

Primary Waste Settlement
Maximum Thickness of Waste = 200.8 ft.

A = ¢ o 1o O
¢ Cl+eoogao

Where:
Cd(1+e;) = 0.006 (Attachment IIl.7.B, p. 393, D, = 80%)
Ho = 200.8ft.
Oo = 1,000 Ibs/ft?
Oi = 0.5[(200.8 ft.)(74 lbs/ft®) + 4.0 ft. (101.8 Ibs /ft?)] = 7,633.2 Ibs/ft?
7,633 l}?—f
AH,. = 0.006 x 200.8 X log————
1 OOOZb—S
) ftz
AH,. = 1.06 ft

Secondary Waste Settlement

H, = 200.8 ft — 1.06 ft = 199.74 ft
AHs = C, —Oelog =

30 years
AHg = 0.002 x 200.8 log —— = 0.59 ft
1 years

Total waste settlement = 1.06 ft. + 0.59 ft. = 1.65 ft.

The maximum final settlement of waste is the sum of primary and secondary settlement at North-
South Station 11+00. The waste settlement is 1.06 ft. + 0.59 ft. = 1.65 ft, which has nominal

impact on the corresponding calculations for landfill cap slope, runoff, etc. A summary of potential

waste settlement is provided in Tables 11.7.3 and 11.7.4.

Gordon/PSC 11.7-9
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TABLE IIl.7.3 - Total Settlement and Angular Distortion Between Points
North-South Cross-Section A
Station Total Settlement Distance Between Angular Distortion Distortion
(feet) Points (feet) (%) Direction
1+00 0.00
100 0.24 v
2+00 0.24
100 0.23 v
3+00 0.47
100 0.20 v
4+00 0.67
100 0.17 v
5+00 0.85
100 0.25 v
6+00 1.09
100 0.24 v
7+00 1.33
100 0.22 v
8+00 1.55
100 0.04 v
9+00 1.59
100 0.04 v
10+00 1.63
100 0.02 v
11+00 1.65
100 -0.02 A
12+00 1.63
100 -0.03 A
13+00 1.60
100 -0.01 A
14+00 1.59
100 0.02 v
15+00 1.62
100 -0.02 A
16+00 1.60
100 -0.06 A
17+00 1.53
100 -0.26 A
18+00 1.28
100 -0.25 A
19+00 1.03
100 -0.30 A
20+00 0.73
100 -0.14 A
21+00 0.59
100 -0.29 A
22+00 0.31
100 -0.29 A
23+00 0.02

Notes:
Stations Correspond to Figure 111.7.1
A = potential upward distortion
V¥ = potential downward distortion

Elevations based on NM State Plan Coordinate System
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TABLE IIl.7.4 - Total Settlement and Angular Distortion Between Points
East-West Cross-Section B
Point Total Settlement Distance Between Angular Distortion Distortion
Location (feet) Points (feet) (%) Direction

2+00 0.00

100 0.21 v
3+00 0.21

100 0.28 v
4+00 0.50

100 0.22 v
5+00 0.71

100 0.22 v
6+00 0.94

100 0.26 v
7+00 1.20

100 0.23 v
8+00 1.43

100 0.17 v
9+00 1.59

100 0.08 v
10+00 1.67

100 0.00
11+00 1.67

100 -0.03 A
12+00 1.64

100 -0.24 A
13+00 1.41

100 -0.19 A
14+00 1.22

100 -0.22 A
15+00 0.99

100 -0.18 A
16+00 0.82

100 -0.27 A
17+00 0.54

100 -0.36 A
18+00 0.19

100 -0.19 A
19+00 0.00

Notes:
Stations Correspond to Figure 111.7.1
A = potential upward distortion
V¥ = potential downward distortion

Elevations based on NM State Plan Coordinate System
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5.0 SOIL COVER SETTLEMENT CALCULATIONS
The final 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 B.2 (Attachment 111.7.C, p. 569).

Primary Soil Settlement

i g Ho  RtP
P ye BT B

Cd/(1+e,) = 0.006 (Attachment 11l.7.B, p. 393, D, = 80%)

Thickness of Soil = H = 3.0 feet of final cover +1 foot of intermediate cover soil + 2 feet of
protective soil layer = 6 ft.

Unit Weight of Soil = 101.8 Ib/ft* Dry Density

AP = (3.0 ft)(101.81b/ft3) + (1 ft)(101.81b/ft3) + (2.0 ft)(101.81b/ft3) = 610.8 Ib/ft>

H
P, = (1018 Ib/ft*) = 3.0 (101.8) = 305.4 Ib/f¢’

2 2
AH, = (0.006)(6.0 ft)log <305'4 bs/jt” + 6108 lbs/ft )

305.4 lbs/ft?
AH, = 0.017 ft
Secondary Soil Cover Settlement

AH, = C—10_1og 2
sT U e, B

Ca = ¥ [Cd/(1+6,)] = 0.002 (Attachment I11.7.B, p. 393)

Ho= 6.0 ft. — 0.017 ft. = 5.98 ft.

AH. = 0.002 x 5.98 log S22 _ 0,018 ft
s 20108 1years f

The maximum settlement of the final cover is the sum of primary and secondary settlement at
North-South Station 11+00. The soil final cover layer settlement is equal to 0.017 ft. + 0.018 ft. =

0.035 ft. The maximum angular distortion at the level of the top of final cover occurs between

Gordon/PSC .7-12 01041618
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North-South Stations 10+00 and 11+00 and equals 0.08%. Therefore, after conservative
assumptions for settlement, the minimum slope of the final cover (5% grade) will be 5% - 0.08%

= 4.92%, which has nominal impacts on the slope and runoff calculations (see Section 6.0).

6.0 CONCLUSIONS

Settlement projections have been calculated for the landfill foundation, the waste mass and for
the landfill final soil cover. Settlement estimates include elastic deformation and both primary and
secondary consolidation in the foundation soils, in the waste, and in the cover materials. The
greatest value of projected settlement in both the foundation soils and in the waste occurs where

the waste thickness is greatest.

The maximum final settlement of the landfill foundation, waste mass and landfill cover is the sum
of primary and secondary settlement at North-South Station 11+00. The foundation soil
settlement is equal to 2.11 ft, the waste settlement is equal to 1.65 ft, and the final cover layer
settlement is calculated at 0.035 ft. Maximum total settlement that could occur on the final cover
of the landfill is the sum of the foundation soil, waste, and cover settlement (i.e.: 2.11 ft + 1.65 ft
+ 0.035 ft = 3.8 ft). The methodology used to determine settlement at North-South Station 11+00
was used to find the settlement of Stations 1+00 through 23+00 for North-South Cross-Section A,
and Stations 2+00 through 19+00 for East-West Cross-Section B. The total settlement for the
stations on Cross-Sections A and B and the angular distortion between them, is provided on Table
l1l.7.5 through Table II1.7.6.

The composite calculations demonstrate the slope of the final cover, liner and leachate collection
piping following settlement does not compromise the design and performance specifications for

the leachate collection system.

Gordon/PSC .7-13 01041618



Lea Land LLC Surface Waste Management Facility
Application for Permit Modification
Volume lll: Engineering Design and Calculations
Section 7: Settlement Calculations

June 2019

TABLE IIl.7.5 - Total Settlement and Angular Distortion Between Points
North-South Cross-Section A

Total Distance . . Design Final Design Slope | Updated Final | Updated Slope
. . Angular Distortion . © . h
Station Settlement Between Points Distortion (%) Direction grade Elevation | Between Point | grade Elevation | Between Point
(feet) (feet) (feet) Locations (%) (feet) Locations (%)
1+00 0.036 3541.90 3541.86
100 0.830 v 26.80 25.97
2+00 0.865 3568.70 3567.83
100 0.526 v 20.80 20.27
3+00 1.391 3589.50 3588.11
100 0.432 v 24.90 24.47
4+00 1.823 3614.40 3612.58
100 0.363 v 20.90 20.54
5+00 2.186 3635.30 3633.11
100 0.505 v 24.90 24.40
6+00 2.691 3660.20 3657.51
100 0.482 v 20.90 20.42
7+00 3.173 3681.10 3677.93
100 0.430 v 22.50 22.07
8+00 3.603 3703.60 3700.00
100 0.071 v 5.50 5.43
9+00 3.673 3709.10 3705.43
100 0.081 v 3.50 3.42
10+00 3.754 3712.60 3708.85
100 0.042 v 0.80 0.84
11+00 3.796 3711.80 3708.00
100 -0.042 A 0.70 0.66
12+00 3.754 3711.10 3707.35
100 -0.058 A 0.80 0.74
13+00 3.696 3710.30 3706.60
100 -0.015 A 0.70 0.69
14+00 3.682 3709.60 3705.92
100 0.046 A 0.70 0.75
15+00 3.727 3708.90 3705.17
100 -0.039 A 0.80 0.76
16+00 3.688 3708.10 3704.41
100 -0.126 A 0.50 0.37
17+00 3.561 3707.60 3704.04
100 -0.503 A 0.10 0.60
18+00 3.059 3707.70 3704.64
100 -0.493 A 0.10 0.59
19+00 2.565 3707.80 3705.23
100 -0.617 A 0.90 1.52
20+00 1.948 3708.70 3706.75
100 -0.290 A 2.30 2.01
21+00 1.658 3706.40 3704.74
100 -0.637 A 10.60 9.96
22+00 1.021 3695.80 3694.78
100 -0.781 A 24.40 23.62
23+00 0.239 3671.40 3671.16
Notes:

Stations Correspond to Figure 111.7.1
A = potential upward distortion

V = potential downward distortion
Elevations based on NM State Plan Coordinate System
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TABLE IIl.7.6 - Total Settlement and Angular Distortion Between Points
East-West Cross-Section B

Total Distance Angular Distortion Design Final Design Slope | Updated Final | Updated Slope
Station Settlement | Between Points Distortion (%) Direction grade Elevation | Between Point | grade Elevation| Between Point
(feet) (feet) (feet) Locations (%) (feet) Locations (%)
3+00 0.035 3560.50 3560.46
100 0.760 v 20.90 20.14
4+00 0.795 3581.40 3580.61
100 0.652 v 24.30 23.65
5+00 1.447 3605.70 3604.25
100 0.467 v 22.20 21.73
6+00 1.913 3627.90 3625.99
100 0.462 v 21.20 20.74
7+00 2.375 3649.10 3646.72
100 0.523 v 23.70 23.18
8+00 2.898 3672.80 3669.90
100 0.452 v 19.70 19.25
9+00 3.351 3692.50 3689.15
100 0.324 v 13.20 12.88
10+00 3.675 3705.70 3702.02
100 0.150 v 4.70 4.55
11+00 3.825 3710.40 3706.57
100 0.002 v 2.40 2.40
12+00 3.827 3708.00 3704.17
100 -0.052 A 5.00 4.95
13+00 3.775 3703.00 3699.22
100 -0.461 A 24.80 24.34
14+00 3.314 3678.20 3674.89
100 -0.375 A 20.90 20.52
15+00 2.939 3657.30 3654.36
100 -0.451 A 25.00 24.55
16+00 2.488 3632.30 3629.81
100 -0.364 A 21.00 20.64
17+00 2.124 3611.30 3609.18
100 -0.577 A 25.00 24.42
18+00 1.547 3586.30 3584.75
100 -0.820 A 20.90 20.08
19+00 0.727 3565.40 3564.67
Notes:

Points Correspond to Figure I11.7.1

A = potential upward distortion

V¥ = potential downward distortion
Elevations based on NM State Plan Coordinate System
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Chapter 6  Engineering Properties of Municipal Solid Waste

TABLE 6,5 Index Properties of Solid Waste

Unit Weight |
Source e Volumelyic ‘ i

L/t LN/ Moisture Content Ravasly Vold Ratio
Rovers and Favqubar (1973) 39 9.3 0,16 - -
Fungaroli (1979) 63 9.9 0.05 -
Wigh (1979) 73 115 0.08 - -
Walsh and Kinmnn (1979) 90 14.1 0.17 - -
Walsh and Kinman (1981) 89 14,0 0.17 - -
Sehroeder et al, (1984a, b) - ~ 0.28 0.52 1.08
Owels ot al, (1990) 40 ta 90 6.3 to 14.1 0.10 to 0,20 0.40 to 0.50 0.671t0 1.0
Schroeder at al, (1994a, b) - - 0.29 0.67 2,03
Zoruberg et al, (1999) 64 1o 95 10to 15 030 04910062  1.02 o 1.65

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

wy = [(60.0)(10.4) + (50.0)(19.1) + (20.0)(34.6) -+ (10,0)(6.0) + (15.0)(5.0)
+ (15.0)(9.5) + (2.0)(4.0) + (2.0)(7.2) + (8.0)(2.8) + (3.0)(1.4)]/100
= (624 + 955 + 692 + 60 + 75 + 142.5 + 8 + 14.4 + 22.4 + 42)/100
= 2597.5/100
= 260%
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. Tt 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
1s 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 waste or soil, Void ratio is defined as the ratio of the volume of voids to the vol-
ume of solids. Porosity can be related to the void ratio by using the relationships

e
= 1 + e (6'7)
and
¢ = —e (6.8)

1-n
where n = porosity of solid waste; and
¢ = void ratio of solid waste,
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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 compatison, 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 conduetivity 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 any debris cduld clog the voids, The measured coefficients of
hydraulic conductivity (1.0 X 107 to 4.0 X 107% em/sec) correspond to those associ-
ated with clean sand and gravel, Qian (1994) used three-year ficld 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 gracient, and waste thickness, The hydraulic conductivity caleu-
lated in this way was estimated to be about 9,2 X 107" to 1.1 X 107* cm/sec. Table 6,6
summarizes the hydraulic conductivity of different types of MSW taken from the

100

:g
-
#3
i
v Logend
Expected type of trend E (]i?'.lr%::;{lnn
(decreasing permeability MI Mississaupa
with increasing unit weight) WA Water] Gog
0 { | | | |

10 11 12 13 14 15 16
Unit weight measured in test pits, kN/m?

FIGURE 6.3 Unit Weight and Permeability (from Percolation) as Measured in
Landfill Test Pits (Lancva and Clark, 1990)
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FIGURE 6.9 Compressive 0 I T
Strain versus Log Pressure for =T
Vartous Landfills in Canada 10 }_
(Landva and Clark, 1990) =5
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cans; the lower values are for the less resilient materials, The maximum C, for peat is
about one-third greater than the maximum observed for waste fills,

Landva and Clark (1990) found that the coefficient of secondary consolidation,
Ca (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 C, and the
type of waste, but it does appear that C, increases with increasing organic content,
Sowers (1973) poiated that the coefficient of secondary consolidation, C,, is also a

FIGURE 6,10 Compressibility of MSW 10
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Initial void ratio of solid waste, e,
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function of the void ratio, as shown in Figure 6,11, For any given void ratio, there is a
large range in C'y, related to the potential for physico-chemical and bio-chemical decay,
The value is high if the organic content subject to decay is large and the environment is
favorable: namely, warm, molst, with fluctuating water table that pumps fresh air into
the fill, The value is low for more inert materials and an unfavorable environment,
More research and data are necessary before this relationship can be defined more
elosely, o

The most widely reported compressibility parameter is the modified secondary
compression index (C,). The reported values of Cy 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 CJ is generally around 0,01
to 0,03. This compares to 0,005 to 0.02 for common clays (Foltz and Kovacs, 1981),
Fagset et al. (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 increages with
depth, hence larger values of € should be associated with thicker fills, They observed
that this effect leveled off at about 90 £t, and suggested that conditions within the land-
fill at great depths limit the biological activity to anaerobic decomposition, which is
much slower than the aerobic decomposition believed to occur in shatlower fills,

The values of C,, and C/, like C, and C, are dependent on the values used for e,
ot Hy. The value of C, is also dependent on stress level, time, and on how the origin of
time is selected. The waste placement or filling period for landfills is often long and
should be taken into consicderation for settlement rate analyses (Yen and Scanlon,
1975). The zero time selection has a large impact on C. particularly during earlier
phases of a landfill (Fassett et al., 1994)

An additional problem with determining C is the fact that this parameter is gen-
erally not constant. Fdgers (1992) presents settlement log-time data from 22 case his-
tories (shown in Figure 6.12). The majority of the curves show a relatively flat slope
(e, low Cg 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 Lo
increasing decomposition, but it may simply be an artifact of the log-time scale, Tt is



Sectlon 9.4 Deformation and Stability of Leachate Collection Pipe 309

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 caloulate pipe stiffness are

Y _ E s
B =t (224)
PS = 0559+ E-(¢/r)! (9.25)
E
sY . . - S
and PS = 447 (SDR = 17 (9.26)

where PS = pipe stiffness, Ib/in® or kN/m?%
E = elastic modulus of the pipe material, [b/in? or kN/m?*
I'= moment of inertia of the pipe wall per unit length,
I = 3/12, in¥in =in" or m%m = m%
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.

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

Deflections of buried flexible pipe are commonly caleulated 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 £’ 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-caleulation using
observed pipe deflections, Research by Selig (1990) showed that £’ is a function of the
bedding condition and overburden pressure. Selig’s studies were carried out to seek a
correlation between the soil reaction mochulus and soil stitfness parameters such as

TABLE 9.4 Allowable Deflection Ratlio of Polyethylens Pipe

SDR Allowable Deflection Ratio
11 2.7%
135 34%
15.5 3.9%
17 4.2%
19 4. 7%
21 53.2%
206 6.5%

325 8.1%
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Young’s modulus of soil, F, and the constrained modulus of soil, M,, where E, and D,
are related through Poisson’s ratio of soil, v, by

s Bl ~ V) 927
T A =2 )
where M, = constrained modulus of soil, 1b/f or kIN/m?;

E, = elastic modulus of soil, 1b/£t? or kN/m® and
v, = Polsson’s ratio of soil.

1

The studies and analyses by Neilson (1967), Allgood and Takahashi (1972), and
Hartely and Duncan (1987) indicated that for

E' = kM, (9.28)

the value of k may vary from 0.7 to 2.3, Using k = 1.5 as a representative value and
v, = 0.3, in addition to combining Bquations 9.27 and 9.28 yields the following tela-
tionship between the elastic modulus of the pipe and soil (Selig, 1990):

E' =2.E, (9.29)

The values of elastic parameters, E, and v, 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 Blastic Soil Parameters (Selig, 1990)

83% Standard Density 95% Standard Denslty
Soll Type ;
Stress Level I, E,
psi kPa Psi MPa Vs psi VPa vy
1 7 1,300 9 026 1,600 1L 0.40
3 35 2,100 14 0.21 4,100 28 0.29
10 70 2,600 18 0.19 6,000 4L 0.24
SW, 8P, GW, GP 20 140 3,300 23 0.19 8,600 59 0.23

40 280 4,100 28 0.23 13,000 90 025

60 420 4700 ) 028 16000 10 029
1 7 600 4 025 1,800 12 0.34

5 45 0 5 024 2,500 17 029

GM, SM, ML, and 10 70 800 6 023 2,900 20 027
GG, 8C with < 20% fines 20 140 850 6 030 3,200 2 0.29
40 280 900 6 0.8 3,700 25 0.32

6 420 1,000 7 041 4,100 28 035

1 7 100 1 033 400 3 0.42

5 35 250 2 0.29 800 6 035

10 70 400 3 028 1,100 8 0.32

CL, MH, GC, §C 200 40 600 4 0.25 1,300 9 0.30

a0 280 700 5 035 1,400 10 0.35

6 420 800 6 0.40 1,500 10 038
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Table 122 Compatison of Settlement and Construction Perlod (Yen and Seanlon, 1975)

Total Time Requlired Approximate Time
Range of [ill Depth Average Construction for Construetion and Required for Settlement
I, feet, (meter) Period, t, (nonth) Settlement (months) to Complete (month)

40 to 80 (12 to 24) 12 113 101

40 to 80 (12 to 244) T2 324 252

80 to 100 (24 to 30) 12, 245 233

80 to 100 (24 to 30) 72 310 238

Used wlth permisslon of ASCE,

124  ESTIMATION OF LANDFILL SETTLEMENT

The usual laboratory tests for soil consolidation testing are not well suited for obtain-
ing accurate consoliclation parameters for solid waste that has a heterogeneous com-
position and extremely large particle sizes, By analyzing the feld settlement data from
some large-scale pilot landfill colls, 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

AH = AH, + AH, (12.3)
where AH = fotal settlement of solid waste;

AH, = primary settlement of solid waste;

AH, = long-term seconclary settlement of solid waste,

12.4,1 Settlement of New Solld Waste

Based on the procedure proposed by Sowers (1973), the equations that follow can be

used to calculate the settlement for new landfilled solid waste, The Initial primary sei-
tlement is given by

. H, oy ;
AH, =C, Tt o log% (12.4)
or
AH, = Ci+H,log— (12.5)

[

where AH, = primary settiement;
¢ = initial void ratio of the waste layer before settlement;

H, = mitial thickness of the waste layer before settlement;
Ce = primary compression index (recall Figure 6,10);
Ce = modified primary compression index, C. = 0,17 ~ 0.36;

oo = previously applied pressure in the waste layer (assumed equal to the
compaction pressure, o = 1,000 1b/ft? or 48 kN/m?);
oy = total overburden pregsure 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 [b/f* (48 IKN/m*) 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 Ib/£t* (48 kN/m®) clue to the preconsolidation effect caused by previous
compaction of the material. The value of the previously applied pressure, o, should
be changed during estimation of settlement if the compaction effort is much lower ot
higher than 1,000 [b/ft* (48 kN/m?) 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 o,

‘The long-term secondary settlement can be obtained from

" g
A, = Cog 2t log 2 (12.6)
or
AH, = C;,‘Hu-log-?— (12.7)
1

Il

where AH, = long-term secondary settlement;

e, = initial void ratio of the waste layer before settlement;

H, = Initial thickness of the wasle layer before settlement;

C, = secondary compression index (tecall Figure 6.11);

Cy = modified secondary compression indéx, C} = 0,03 ~ 0.1;

il

it

i

t; = starting time of the time period for which long-term settlement of the
layer is dlesired, ¢ = 1 month;

t, = 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 data. The value of the primary compression index C, can be selected
from Figure 6,10 based on the initial void ratio and organic content of the solid waste.
The value of the secondary compression index C, can be selected from Figure 6.11
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, and hence the values of the primary com-
pression index C, and the secondary compression inclex C, cannot be estimated readily
for settlement analysis. Accordingly, an alternative approach has been used in engi-
neering practice—namely, the use of a “modified” primary compression index Cy and
a “modified” secondary compression index Cj. 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 sscondary compression index C! for common clay ranges
from 0,005 to 0,02, Therefore, the secondary settlement for municipal solid waste i
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 solid
waste landfill caused by vertical expansion (Chapter 14) or other additional extra load-
ing, such as a light structure on a raft foundation,

The primary settlement is obtained by

H 4 A
AH, = C.‘.,'l -I-oe -logtT o g : (12.8)

V] o

or

+ A
AH, = C+ H,log 5"—0—5—’- (12.9)
(V]

where AH, = primary settlement;
¢, = initial void ratio of the waste layer before settlement;
H, = initial thickness of the waste layer of the existing landfill;
C. = primary compression index;
Ci = modified primary compression index, C. = 0,17 ~ 0.36;
U, = existing overburden pressure acting al the mid level of the waste

1l

i

]

layer;
Ao = increment of overburden pressure due Lo vertical expansion or other
extra load,

The long-term secondary settlement is given by

AH, = Cyrrrpmrlogy (12.10)
or
AH, = Cje H,log (121)
1

where A H, = secondary settlement;

¢o = 1nitial void ratio of the waste layer before starting secondary
settlement;

H, = initial thickness of the waste layer hefore starting seconclary
settlement;

C, = secondary compression index;
Ca = modified secondary compression index, C, = 0,03 ~ 0.1;
t; = starting time of the secondary settlement. It is assumed to be equal to
the age of the existing landfill for vertical expansion project;
t, = ending time of.the secondary settlement,

Il

I
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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 SETTLEMENT

12.2.1

It 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 and long-
term secondary settlement should be considered. Caleulations 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-
formance of a landfill liner and leachate collection system, The purposes of analyzing

the settlement of a foundation clay layer and overlying landfill liner and leachate
collection/removal 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 compacter] 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%.

(i) 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,

Total Settlement of Landflll Foundation

The total settiement 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 settiements. The tof lement of clx il is
equal to the sum of the elastié s8Ttlement and the primary and secondary settlements,
Because the permeability of clay is quite Tow, 1t takes a long time to complete the
whole process of consolidation 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 caleulated from the Blastic Settlement equation, which is

Zy = (Ao /M)H, (12.20)
where  Z; = elastic settlement of soil layer, it or m;
I, = initial thickness of soil layer, ft or m;
Ao = increment of vertical effective stress, Lb/ft? or kN/m%
M, = constrained modulus of soil, 1b/ft* or kN/m?,

il

It
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The constrained modulus is given by
Ego(l-w,)
e S . T
ST w - 2w (1221)
where M, = constrained modulus of soil, Ib/#* or kN/m?%

E, = elastic modulus of soil, see Table 9,5, Ib/ft* or kN/m?;
v, = Poisson's ratio of soil, see Table 9,5.

The primary consolidation settlement is given by
Pe H, o, Ao

vlog— 1 Cyr——log

fog = C e " — b
7|. r ‘I. + @“] {J..u 1 + eu’ pc (12.22)

where  Z, = primary consolidation settlement of clay layer, ft or m;
H, = initial thickness of clay layer, ftorm; = 2 &'
¢y = initial void ratio of clay layer;

C, = recompression index;
C, = primary compression index.
o, = initial vertical effective stress, Ib/ft* or kN/m?;

P = preconsolidation pressure, Ib/ft? or kKN/m?
Ao = increment of vertical effective stress, 1b/ff* or kKN/m?,

The secondary compression settlement is given by

e b
VAR log= 12,23
1 + e“s gf! ( )

where Z, = long-term seconclary compression settlement, ff or m;
¢qs = initial void ratio of clay layer before starting secondary consolidation
settlement; :
C, = secondary consolidation compression index;
H,, = initial thickness of clay layer before starting secondary consolidation
settlement, £f or m;
ty = starting time of the time period for which long-term settiement of the
layer is desired;
f; = 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: elastic seitlement, pri-
mary consolidation settlement, and secondary consolidation settlement, These three
types of settlement for clayey soil layers can be calculated from Equations 12.20, 12.22,

and 12.23, respectively. The total settlement of clayey soil at point i can be determined
from the equalion '

Zi = (Zo) + (Zeh + (Z,) (12.24)
where  Z; = total settlement of points i
(Z,); = elastic settlement of point i
(Z,), = primary consolidation settlement of point /;
(Z.); = secondary consolidation settlement of point i,
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Sec, 43  Weight-Volume Relationships

where:

(V)¢ = corrected SPT N-value, as defined in Chapter 3
C, = grain size correction factor
C, = aging correction factor

Com = overconsolidation correction factor

Dy, = 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 ¢ = 100 yr.

OCR = overconsolidation ratio, as defined in Chapter 11, If no information is

available to assess the OCR, use a value of 2.

g, = cone resistance (kg/cm? or ton/ft’), as defined in Chapter 3

0, = 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.”

o, = vertical effective stress (Ib/ft? 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 e, and e, 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 e,,,AND e, {Hough, 1969; Adapted by permission of John

Wiley and Sons, Inc.)

€, (lOOSE)

Soil Description e,,, (dense)
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 . I 0.40 L1
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 CDNSOLIDATION PROPERTIES OF SATURATED NORMALLY

CONSOLIDATED SANDY SOILS AT VARIOUS RELATIVE DENSITIES (Adapted from Burmister,
1962)

C./ (1+ey)
Soil Type D=
100%

Medium to coarse sand,
some fine gravel (SW) N
Medium to coarse sand
(SW/SP) 0.002
Fine to coarse sand (SW) 0.002
Fine to medium sand
(SW/SP) 0.003
Fine sand (SP) 0.003
Fine sand with trace fine
to coarse silt (SP-SM) -
Find sand with little fine 0.003

to coarse silt (SM)

* Fine sand with some fine
to coarse silt (SM)

For saturated overconsolidated sands, C,/ (1+e,) 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 overconsolidated, 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 nearly 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 dynamic loads, such as those from an earthquake.
They can experience very large and irregular settlements that can cause serious
damage. Kramer (1996) discusses methods of evaluating this problem,
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APPENDIX B
m

SETTLEMENT ANALYSES

Landfill settlement analyses include both foundation and refuse settlements. Foun-
dation settlements are important in designing appropriately graded LCRSs, since
these are typically gravity-flow systems, Refuse settlements are important in final
cover design and estimating final landfill capacity. Estimating refuse settl\ements
has also been critical in designing vertical landfill expansions and structures con-
structed on closed landfills,

Foundation settlement analyses for landfills follow the same principle as tradi-
tional geotechnical engineering settlement analyses, In this appendix we therefore
focus on refuse settlements. For ease in reference, however, a brief discussion of
foundation settlements is provided. The reader is referred to introductory geotechni-
cal engineering textbooks if explanation is required on soil settlement and consoli-
dation theories.

B.1 FOUNDATION SETTLEMENT

B.1.1 Mechanisms
For cohesive soils, settlement is characterized by the following three mechanisms:

* Immediate settlement following load application

* Consolidation settlements, which occur gradually as excess pore pressure
caused by the applied loads are dissipated
* Secondary compression of the soil skeleton

568
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Consolidation and secondary compression occur over several years and ate theoreti-
cally never complete.,

For granular soils, settlement is caused primarily by the compression of the soil
skeleton as the particles rearrange due to the applied loads. Due to the relatively
high permeability of granular soils, excess pore pressures induced by the applied
load are assumed to dissipate in a very short period of time, and settlement is
assumed to occur within a short period following load application; this is sometimes
called immediate settlement.

B.1.2 Calculation of Settlement

For cohesive soils the total amount of consolidation settlement can be calculated
using the following equation:

s=AH=1- H, (B.1)

where s = settlement
AH = change in height of layer
Ae = change in void ratio
e, = initial void ratio
H,=layer thickness

Equation (B.1) can be modified as follows to suit the parameters obtained from a
consolidation test:

CCH,(
SH&Hml-l-eo log

P0+AP)

P (B.2)

where C, = consolidation index or comptession index
Py=1initial stress
AP = change in stress

For an infinite layer of soil, the change in stress is relatively easy to calculate and
is typically equal to the change in applied load or overburden, However, since most
aboveground landfills may be considered embankment loads, the subsurface stress
distribution may be calculated using the influence chart shown in Figure B.1 for
embankments of infinite length (Osterberg, 1957; U.S. Dept. of the Navy, 1982).

S —
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Figure B.1 Influence value for vertical stress under embankment load of infinite length.
(From U,S. Dept. of the Navy, 1982.)

B.1.3 Liquefaction

B.1.3.1 Liquefaction Potential, In seismic regions, significant foundation set-
tlements may also occur due to liquefaction of loose to medium-dense saturated
cohesionless soils. Liquefaction is defined as a process where high shear deforma-
tions, typically induced by seismic activity, results in a progressive buildup of pore
pressure. With limited drainage during the short period that the shear load is in-
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1.0 INTRODUCTION

Lea Land LLC (the Facility) is an existing Surface Waste Management Facility (SWMF) providing
oil field waste solids (OFWS) disposal services. The existing Lea Land SWMF is subject to
regulation under the New Mexico Oil and Gas Rules, specifically 19.15.9.711 and 19.15.36 NMAC,
administered by the Oil Conservation Division (OCD) of the NM Energy, Minerals, and Natural
Resources Department (NMEMNRD). This document is a component of the “Application for Permit
Modification” that proposes continued operations of the existing approved waste disposal unit;
lateral and vertical expansion of the landfill via the construction of new double-lined cells; and the
addition of waste processing capabilities. The proposed Facility is 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, Lea Land LLC.

The Lea Land SWMF is one of the most recently designed facilities to meet the new more stringent
standards that, for instance, mandate double liners and leak detection for land disposal. The new
services that Lea Land will provide needed resources to fill an existing void in the market for

technologies that exceed current OCD requirements.

1.1 Site Location

The Lea Land site is located approximately 27 miles northeast of Carlsbad, straddling US Highway
62-180 (Highway 62) in Lea County, NM. The Lea Land site is comprised of a 642-acre * tract of
land encompassing Section 32, Township 20 South, Range 32 East, Lea County, NM. Site access
is currently provided on the south side of US Highway 62. The coordinates for the approximate
center of the Lea Land site are Latitude 32°31°46.77” and Longitude -103°47°18.25".

1.2 Facility Description

The Lea Land SWMF comprises approximately 463 acres + of the 642-acre + site, and will include
two main components: an oil field waste Processing Area and an oil field waste solids Landfill, as
well as related infrastructure (i.e., access, waste receiving, stormwater management, etc.). Qil field
wastes are delivered to the Lea Land SWMF from oil and gas exploration and production operations
in southeastern NM and west Texas. The Permit Plans (Attachment Ill.1.A) identify the locations

of the Processing Area and Landfill Disposal facilities. The proposed facilities are detailed in Table

Gordon/PSC 11.8-1 01041618
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11.1.2 (Volume I1.1), and are anticipated to be developed in four primary phases as described in
Table 11.1.3 (Volume I1.1).

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 (ac-ft). Lea Land, LLC is considering the installation of approximately 12 ponds, which

will provide a total of 18.80 surface acres for evaporation of 114 total acre-ft of pond capacity.

21 General Site Conditions

The site terrain is gently sloping toward the northwest with sparse vegetation. The macro-climate of
the Lea Land, LLC 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 (north
of Carlsbad) and precipitation at the Hobbs FAA Airport weather stations. The Hobbs climate
summary provides a more conservative reporting point for this calculation than the Carlsbad weather

station reported in other Parts of this Application.

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 11.8.1). 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 Facility. 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 this Facility’s evaporation ponds is summarized in Table 111.8.1. 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/southeast, with an average annual
wind speed of 11 miles per hour (mph). The maximum sustained wind speed conservatively used for
facility design is 12 mph. Figure ll.8.1 is the Wind Rose from the Paduca weather station located

approximately 24 miles south of the facility.

Gordon/PSC 1.8-2 01041618
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3.0 EVAPORATION POND DESIGN
This section provides the engineering analyses and technical details to support design of the
evaporation ponds for the Lea Land SWMF with an average evaporation rate of 1,000 bbl per pond

per day. The purpose of the design is to maintain potential drift (i.e., mist) within the pond boundary.

31 Design Criteria

311 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 12 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 (sq ft) and measuring
420 ft x 200 ft.

Maximum Evaporative Surface Area: for twelve ponds would be 984,000 square ft or 18.8
acres.

Process Design Life: 50 years.

Gordon/PSC 111.8-5 01041618
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Produced Water Properties:

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

System Requirements:

Evaporation Pond Liner System: Double layer liner system as follows (top to bottom): (1)
upper (primary) 60 mil conductive smooth HDPE geomembrane liner; (2) leak detection
system consisting of a 200 mil HDPE geonet; (3) lower (secondary) 60 mil smooth HDPE
geomembrane liner; underlain by (4) a 6-inch thick 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° m?%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

discussed in detail in the following sections. The design of the Lea Land SWMF evaporation ponds

shown on Figures and Permit Plans is preliminary; and construction plans and specifications for each

major element will be submitted to OCD in advance of installation.

The Lea Land SWMF 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 | includes a single row
of 3 ponds, each with a surface dimension of 420 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 9 ponds with the same dimensions designed to evaporate the flows associated with an
additional 6,000 bbl/d of produced water received daily (for a total of 9,000 bbl/day). All ponds are
designed and constructed to provide contingency storage with additional 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
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each evaporation pond. Liquids collected in the LDS sumps will be pumped using a mobile pump.
Upon sampling and if necessary, test of the LDS liquids, they will be returned to the evaporation

ponds.

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.

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 to compare precipitation vs. evaporation (See Table 111.8.1).

The following water balance components were considered:

¢ the amount of Produced Water entering the pond system from the Produced Water Tanks
o water entering the pond system through meteoric precipitation
¢ the amount of water released to the atmosphere through evaporation

Precipitation values are likely to exhibit the largest variations, and were therefore treated as stochastic
inputs (i.e., probabilistic), while the other parameters were treated as deterministic variables. Figure

111.8.2 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 111.8.3) or as recommended by the equipment supplier to optimize evaporation, and operated
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
and the percentage of an average day when the wind speed is under 12 mph. The mechanical
evaporators will be operating; limiting the flow rate to 10 gpm flow rate through the evaporators (even
though extensive experience with this equipment indicates 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 is 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 111.8.1 details the evaporation potential per pond
and identifies the additional evaporation potential that may be available based on extensive industry

experience with this technology.

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 potential of the evaporation ponds for an increase to 9,000 bbl/d average.

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 ponds. The objective
of this analysis was to determine the distance that 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 water droplet particle sizes of approximately 150 microns. This analysis assumes
a droplet particle size of 150 microns for the drift calculations. Based on Table 111.8.2 the distance
required for a 150 micron particle size to fall 10 feet, is 10 seconds in a 3 mph wind and 39 feet from
the evaporator discharge. Note that most newer evaporators use reverse air flow discharging the

particles closer to the surface. To be conservative, the calculations assume upward discharge.
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TABLE 111.8.2 - Influence of Droplet Size on Potential Drift Distance

Droplet Diameter Type of droplets Time required It_l?:\e:;?li: ifztl‘?i:(;egrsazlteit:
(Microns) to_fall 10 feet 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
Evaporator
150 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

Klingman, Glenn. 1961. Weed Control as a Science. John Wiley and Sons, New York, p. 67.

The proposed upward discharge mechanical evaporator propels the water droplets 15 feet in the air,
resulting in a 15 feet anticipated fall height for the water droplet particles generated. In this 3 mph
wind the water droplet could drift 39 ft before falling back into the pond. Dirift particles can travel up to
17 feet per mph in a strong wind (<12 mph). Table 1I.8.3 provides a summary of anticipated lateral

drift at different wind speeds for 150 micron water droplets falling from a height of 15 feet.

TABLE 111.8.3 - Lateral Drift at Various Windspeeds

Wind Speed MPH Lateral Drift
2 MPH 39 ft
4 MPH 78 ft
6 MPH 117 ft
8 MPH 156 ft
10 MPH 195 ft
12 MPH 234 ft
14 MPH 273 ft
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An analysis was performed with DRIFTSIM®, a computer modeling program (Attachment 111.8.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 I11.8.4

and Figure I1.8.4 provide a summary of the output from this analysis.

The maijority of the strong winds at this location originate from the south/southeast direction (see
Figure llI1.8.1). Given the layout of the evaporation ponds, the proposed mechanical evaporators could
operate in wind conditions up to 14 mph before the automation would need to shut the machines

down relative to concerns that drift might escape the lined pond area.

The mechanical evaporators will be controlled by a weather station with software designed to monitor
wind speed; and to control (start and stop) the equipment to optimize evaporation hours and to
minimize the potential for freezing during cold periods. This weather station will independently control
each evaporator relative to wind speed and direction to minimize the potential for overspray and drift

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. The phasing of evaporation pond installation will be based on
the rates of Produced Water receipts, the characteristics of the material (e.g., TDS), and the observed

efficacy of existing installations.
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TABLE 111.8.4 - DRIFTSIM Analysis Results (12 MPH Wind)
Temp Drop Diameter Humidity Drift
50 150 10 84
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 85
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 75
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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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.

MNon-Target
Sensitive Crop
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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.

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.

http://ohioline.osu.edu/aex-fact/0525.html 1/13/2010
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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%).
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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%)
o | wing
P velocity 20 40 60 80
NVAS h)
(microns) (mp
20 12 13.03*  |3.72¢  |6.41*  [15.29% |
20 14 le.oox  lle.47*  |10.24% |21.45% |
20 6 le.s7x  |7.66%  |11.87¢ |23.23% |
120 8 7.96%  |[8.97*  |[13.29* |26.42% |
120 110 18.99%  |[10.58* |[[15.06* [30.10% |
50 2 l10.70* |[12.10  [[17.20* [2530% |
150 14 18.70*  |21.00* |28.80* |l41.70% |
150 6 [26.50%  |30.00* |40.00% |55.60% |
|50 8 [34.30% 3820  [50.90% [69.00% |
50 110 137.60% |[42.00% |55.32*% [87.24* |
1100 12 13.44  |[3.41 1337|330 |
1100 |14 l6.87  |l6.81 ll6.71 l6.58 |
[100 6 1030  J1020 J10.05 [9.85 |
1100 8 113.72 1361 1339 [13.14 |
[100 110 l17.04  |17.77  |17.48  |17.05 |
150 12 1092 092  fo9o2  Jo.o1 |
| | I I I I |
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150 |4 183 [is2 182 |82 |
150 6 1274 |74 273 271 |
150 8 13.67  |3e6 362 360 |
150 110 l4.78  |478 475  |477 |
1200 12 020 Jo20  Jo20  fo20 |
1200 14 lo3s o3  Jo3s o038 |
1200 6 055 o055 Jo.ss o055 |
1200 8 075 o075 Jo.75 075 |
1200 110 1096 096  foo6 096 |
1300 2 10.05  Jlo.os  fo.os  Joos |
300 14 lo.to oo Jo.to  fo.io |
300 6 lo.ts  Joas  Joas  Joas |
300 8 0.21 0.21 021 Jo21 |
1300 110 026 026  fo26 o026 |
|* Droplet completely evaporated before deposition. |

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

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

]

50 fr
= -~ Droplet Size
; W i
N i
= - e
£ 20
& / - i

10 ‘-_-_“_“r“_““

] 2 4 : : :

Wind Yelociby (mm ph)

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%).

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.

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

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

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%)
Initi |Final Droplet Size (micron) and Drift Distance (ft)|
nitial Wind

Dr(?plet Velocity Temperature (degrees F) |
e (mph) | 50 ” 68 ” 86 |
(micron) [Ds#|[ pp## | Ds#| Dp## |[DS#| DD## |
50 1.1 0.0 fl11.58* 0.0 |9.84* 0.0 |9.74* |
150 115.6 0.0 |53.14*  Jo.o [32.8% 0.0 |[23.52% |
50 l11.1 0.0 105.94* 0.0 |l61.34* 0.0 |l41.32% |
|50 22.4 0.0 |208.61% 0.0 |117.75% 0.0 |[75.76* |
[70 1.1 159.4 ||5.18 143.6 ||6.30 0.0 |l12.50% |
[70 115.6 1592 |26.14 427 |32.14 0.0 |[38.70% |
[70 l11.1 159.0 ||52.48 419 |led.61 0.0 |[70.19% |
[70 22.4 158.8 [[105.94 |40.4 |[132.18 0.0 |[132.51* |
[100 1.1 196.7 |[2.13 93.7 ][2.13 188.7 ][2.36 |
[100 |15.6 l96.7 |10.53  [93.7 [[10.73  |[88.7 |[11.64 |
100 l11.1 196.7 |[19.48 937 |[21.48  |88.6 |[23.39 |
[100 22.4 l96.6 [l42.97 935 |l43.62  |88.3 ||47.56 |
150 1.1 1149 [l0.59 148 l0.59 147 l0.59 |
[150 115.6 149 |l2.72 148 |2.85 147 |]2.98 |
[150 1.1 1149 ||5.58 148 |[5.74 147 |[6.04 |
150 |122.4 1149 |[11.97  |148 1227 147 Ji2.s2 |
1200 1.1 200 ]0.13 199 [0.13 199 ]0.13 |
1200 115.6 200 [l0.56 1199 |l0.56 1199 |l0.56 |
1200 l11.1 200 |[1.18 1199 |[1.18 1199 [1.18 |
1200 22.4 200 |2.69 1199 |2.69 1199 |2.69 |
300 1.1 1300 [0.03 1300 [0.03 299 0.03 |
300 l11.1 1300 [0.33 1300 [0.33 299 ]0.33 |
| I [ [ [ |
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300 224 [j3oo [o.eo  [300 |lo.6o  [299 [0.69

* Droplet completely evaporated before deposition.
# DS - Droplet diameter (micron) at end of flight.
## DD - drift distance (ft).

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.

http://ohioline.osu.edu/aex-fact/0525.html 1/13/2010
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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%).
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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 Wind | Drift Distance (ft) |
Dl:i)nget velocity | Temperature (degrees F) |
(micron) | (MPh) 55 65 75 85

20 12 l4.24%  |4.47 14.64 l4.79% |

20 |14 723 |733* 771 |7.79% |

http://ohioline.osu.edu/aex-fact/0525.html
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20 ll6 [10.07%  lo.20*  [9.22¢  [9.07 |
20 8 l12.82%  |11.33*  |10.42*  [10.38* |
20 110 l15.55%  |13.27*  |11.92%  |11.44 |
150 12 l15.73*  |l14.97* |13.51%  [l12.60* |
150 |14 [29.55%  |26.39* |22.00% [18.82% |
150 6 [43.28%  |37.87*  [30.19*  |25.18% |
150 8 56.91* 4921  |38.73*  [31.79* |
150 110 [70.92%  |6031*  |46.97* [37.90% |
1100 12 113.35 113.34 113.53 113.63 |
1100 |14 ll6.69 l6.71 17.03 17.23 |
1100 6 [10.03  Jl10.05  ]10.58  [l10.82 |
1100 8 11337 |[13.40  |14.08  [14.44 |
1100 110 l16.74 1676  |16.73  [18.10 |
1150 12 10.94 0.92 10.96 0.94 |
1150 |14 111.85 11.82 11.91 l11.88 |
1150 6 2.77 12.73 12.85 12.81 |
1150 8 113.69 13.64 13.78 13.76 |
1150 10 |14.64 14.56 14.75 14.70 |
200 2 l0.21 0.20 0.21 0.20 |
200 |14 10.39 10.39 10.39 0.38 |
1200 6 0.57 10.54 10.58 0.54 |
1200 8 l0.74 l0.76 10.78 0.74 |
1200 10 10.98 10.95 10.96 10.93 |
|* Droplet completely evaporated before deposition. |

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.

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 Ambient | Drift distances (ft) |
size temp. | Relative humidity (%) |
(micron) || (degreesF) ™50 | 40 || 60 | 80 | 100 |

http://ohioline.osu.edu/aex-fact/0525.html 1/13/2010
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25 55 [17.93% [|20.37* |[29.76* |56.43* |]381.60 |
25 ll65 l14.67* |l16.63* |[23.53* [[43.18* |377.97 |
125 175 12.58* [l14.41% [[19.94* [37.95% [391.31 |
25 |85 l11.41% |[12.77% |[17.81* |[33.25% |400.12 |
150 155 l63.32* |/60.87* |l60.87* [119.73 |76.78 |
150 ll65 l48.21% |[53.93* |l63.82* [93.51* |76.05 |
150 75 137.58* [l42.00* ||55.32% |[87.24* |78.82 |
150 185 130.81% [34.40* |l44.81* [[73.93* [80.34 |
1100 155 l16.90 |[16.82 |l16.63 |[16.43 [16.20 |
1100 ll65 l16.97 |l16.88 |l16.64 1636 [15.99 |
1100 175 117.94 |[17.77 |17.48 [17.05 |16.46 |
1100 185 1855 (1828 |[17.88 [17.34 [16.55 |
150 155 l4.65 |464 |l462 |462 459 |
150 ll65 458 |457 |l4.56  |4.54  |450 |
1150 175 l4.78  |478  |l4a72  |4.72 466 |
1150 185 l476  |4.73  |l4.70  |4.64 458 |
200 155 0.98 098 095 095 ]0.95 |
200 ll65 1095 095 094 094 Jo.94 |
1200 175 l0.96 096 096 096 ]0.96 |
1200 185 1093 093 093 ]0.93 093 |
300 155 1098 098 [l0.95 ]0.95 095 |
1300 ll65 1095 095 [l0.94 094 094 |
300 175 096 096 096 [0.96 ]0.96 |
300 |85 1093 093 093 093 ]0.93 |
|* Droplet completely evaporated before deposition. |

Page 11 of 18

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.

http://ohioline.osu.edu/aex-fact/0525.html
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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).
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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.

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

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 Wind | Drift distances (ft) |
Dl:i)nget velocity Nozzle height (ft) |
(micron) | ™PM) || o5 1 1.5 2 25 | 3.0

150 12 0.43* |[13.87* |[14.02* |[14.14* |[14.22* |[13.97* |
150 |14 l14.28* |23.51* [23.72* [23.80* [23.83* [[23.98* |
150 ll6 19.96% [32.92% [33.41* [33.65* [33.78* [33.76* |
150 8 |25.61* |42.32* |43.18* [43.40* |l43.39* |l43.73* |
150 10 [31.20% |[51.48* |52.29% |[52.89* |53.37* [[53.43* |
1100 2 loso 150 337 |[540 751 9.85 |
1100 |14 1099 299 676 [10.82 [15.02 [[19.72 |
1100 6 148 447 1015 [1623 [22.54 [29.62 |
1100 8 l1.98 597 1351 [21.63 [30.05 [39.51 |
| | | | | | | I |
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100 10 249  |7.47 pi691 |27.06 [37.59 [49.40 |
150 12 0.04 029 092 180 [2.77 [3.76 |
150 |14 l0.07 o057 f1.82 357 550 [7.49 |
1150 ll6 lo.tr Jlo.se  |2.73  |[5.34 825 [j11.23 |
1150 8 lo.te  |[1.1s |3.63  |[7.12 [l11.01 [14.99 |
1150 10 lo.to 143 455 892 1378 [[18.75 |
1200 12 10.02  l0.07 020 o1 113 176 |
1200 |14 0.03  lo.14 038 [1.19 [224 [3.51 |
1200 6 0.05 o020 o055 176 [3.3¢  [5.23 |
1200 8 lo.o6 027 o075 |237 448 |7.01 |
1200 10 l0.08 034 0.93 |98 |563 879 |
300 2 0.00  Jlo.o1 Jo.05 Jo.i1  Jo20 038 |
1300 |14 0.02  l0.05 o010 [024 041 [0.79 |
300 6 10.02  l0.07 o015 035 fo.62 117 |
300 8 0.02  l0.08 021 o046 [0.80 156 |
1300 110 l0.04 o012 o026 [1.04 104 [1.97 |
|* Droplet completely evaporated before deposition. |

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.

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

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.

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;

http://ohioline.osu.edu/aex-fact/0525.html 1/13/2010
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| Relative Humidity = 50%) |
Droplet Wind | Drift Distances (ft) |
size velocity Initial Droplet Velocity (ft/second) |
(microm) || @eh) T o [ 30 | e | 90 [ 120 ]
150 2.5 l16.50% |[16.42* |l16.40* [l16.53* [16.50% |
150 [15.0 [28.80% |[28.74* |[28.62* |28.67* [28.67 |
50 7.5 [40.76*  [40.73  |[40.74  |40.70  [40.54* |
50 [110.0 [52.98% [52.70* |[52.43* |52.48* |[52.67* |
75 2.5 11786 |[13.05  |[11.35 1029  |9.09 |
75 115.0 133.83  [25.82  |[22.19  |20.03  [1831 |
75 7.5 4958 |[38.64  [[33.03  [29.74 2717 |
75 [110.0 l65.28  |[52.26  |l44.00  [39.49  [36.01 |
1100 2.5 115.39 115.39 14.37 113.64 113.06 |
1100 115.0 11451 [l10.79  |[8.75 17.26 ll6.10 |
1100 7.5 I21.84 1625  |[13.11 1088  [[9.12 |
1100 [110.0 2925|2175 |[17.51  |14.48  [12.15 |
1150 2.5 3.64  ][2.05 11.26 10.73 0.39 |
1150 115.0 17.34 410 12.49 |11.45 l0.76 |
150 7.5 [11.07  |6.19 13.73 2.15 112 |
150 [110.0 11483 |8.34 115.00 12.87 l11.49 |
1200 2.5 2.36 10.89 10.31 0.13 0.07 |
1200 115.0 |14.82 1.79 0.58 0.25 0.15 |
1200 7.5 1734 |72 10.89 0.82 0.20 |
1200 [10.0 9.88 113.72 11.20 0.52 0.28 |
300 2.5 [11.39 l0.24 10.08 l0.04  0.03 |
1300 115.0 2.91 10.49 0.15 10.08 0.5 |
1300 7.5 14.56 0.76 10.22 l0.12 0.07 |
1300 [110.0 ll6.23 l11.06 10.31 0.17 l0.11 |
500 2.5 0.67 0.08 10.03 10.01 110.00 |
500 115.0 1152 l0.16 10.05 10.03 10.03 |
500 7.5 12.49 0.25 110.09 0.05 10.03 |
500 [110.0 113.58 0.34 l0.11 10.06 10.04 |
11000 2.5 0.24 0.03 110.00 110.00 110.00 |
11000 115.0 0.63 10.05 10.03 10.01 10.00 |
11000 7.5 [11.08 0.08 10.03 0.03 0.01 |
11000 [110.0 1162 l0.11 10.04 10.03 10.03 |
|* Droplet completely evaporated before deposition. |

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

Bl ¢
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Emwﬁlﬁ' Droplet Size

% 40 - S0 microns
H —=— | D0rmicrons
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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).

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

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

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



Effect of Major Variables on Drift Distances of Spray Droplets, AEX-525-98 Page 17 of 18

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 lowa
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



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

. Range

Variable American Unit Metric Unit
Wind velocity 0-22 mph 0-10 m/s
Droplet size 10-2000 Micron (um) 10-2000 ym
Droplet velocity 0-110 mph 0-50 m/s
Discharge height 0-6.5 ft 0-20 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, Dy ;, Dy s, and
Dy o to estimate the volume of spray in droplets less than a selected droplet size. The Dy 4,
Dy, and Dy g 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.



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 D, 1, Dys and Dy o

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

D, s: Droplet diameter such that 50% of total liquid volume that is in droplets smaller than
D..s (micron or ym)

D, o: Droplet diameter such that 90% of total liquid volume that is in droplets smaller than
Dy.¢ (micron or ym)

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 pm)

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.



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

DRIFTSIM

n1.12.04

Dr. Heping Zhu and Dr. Robert D. Fox

Application Technology Research Unit
USDA-ARS
and Dr. H. Erdal Ozkan

Professor and Extension Agricultural Engineer

Food, Agriculture, and Biological Engineering Department
The Ohio State University

(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.]



Figure 2
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Select either “American” or “Metric” unit for calculation.
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)".

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



Figure 4
= DRIFTSIM

DRIFTSIM options
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(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.



Figure 5
= DRIFTSIM
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(13) Enter “Dy.", “Dys"“ and “Dyg" 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 “Dy.1”, “Dys" and “Dyo" values are not reasonable.



Report: Date: May 13, 2005Time: 10:65:35 AM
Discharge Height (i) 2

Wind Velocity (miles/hr) 10

Relative Humidity (%) 40
Temperature (°F) 86

Droplet Velocity (milesthr) 44.7

DvD1=75 Dv0S=172 Dv09= 296

Class Potion Mean drift
No. width (um) of volume distance (f)
1 19-56 0.01 2165*
56-94 0.09 £9.45

94 -138 0.1¢ 20.38
138-170 0.17 843

170 - 201 0.13 4.1

201 - 233 0.12 2.07

233 - 264 0.10 1.12
264 - 296 0.08 0.69

296 - 328 0.13 049

2
3
4
5
B
7
8
2]

4 start CamEdn® s = 3 Drifisim | n4 - Pant

(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.



Figure 7
= DRIFTSIM
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C Metric © Array of droplets (DVs)

o change data values, just type in new iArray of droplets (nozzis)
alues. [f unknown, drop velocity may be i i

calculated click on droplet velocity bosx. Enter
spray pressure in the pop-up box

Examples: Nozzle
pe and pressure,

Discharge height (1) | 2
Wind velocity (mph) W
Relative hurnidity (2¢) W
Temperature (°F) W
Droplet velocity [mph) m

[— - .
A start EAam i w DRIFTSIM w. DRIFTSIM

(19) Click on one of nozzle choices, then “Dy ", “Dys“ and “Dy¢" values automatically
appear in boxes for the nozzle chosen, as shown in Figure 8.
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Figure 8
= DRIFTSIM

DRIFTSIM options

& American ™ Single size droplets
C Metric = Array of droplets (OWs)

o change data values, just type in new  Wray of droplets (nozzis)
alues. [f unknown, drop velocity may be i i
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spray pressure in the pop-up box Enter Drop Size Distribution

[Nozzle type: XRE00T_40
Discharge helght (ff) 2 il e D
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Termperature (°F) W

Droplet velocity (mphl | 44.7
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(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 “Dy.1”, “Dys" and “Dyo" 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.

11
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1.0 INTRODUCTION

Lea Land LLC (the Facility) is an existing Surface Waste Management Facility (SWMF) providing
oil field waste solids (OFWS) disposal services. The existing Lea Land SWMF is subject to
regulation under the New Mexico Oil and Gas Rules, specifically 19.15.9.711 and 19.15.36 NMAC,
administered by the Oil Conservation Division (OCD) of the NM Energy, Minerals, and Natural
Resources Department (NMEMNRD). This document is a component of the “Application for Permit
Modification” that proposes continued operations of the existing approved waste disposal unit;
lateral and vertical expansion of the landfill via the construction of new double-lined cells; and the
addition of waste processing capabilities. The proposed Facility is 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, Lea Land LLC.

The Lea Land SWMF is one of the most recently designed facilities to meet the new more stringent
standards that, for instance, mandate double liners and leak detection for land disposal. The new
services that Lea Land will provide needed resources to fill an existing void in the market for

technologies that exceed current OCD requirements.

1.1 Site Location

The Lea Land site is located approximately 27 miles northeast of Carlsbad, straddling US Highway
62-180 (Highway 62) in Lea County, NM. The Lea Land site is comprised of a 642-acre = tract of
land encompassing Section 32, Township 20 South, Range 32 East, Lea County, NM. Site access
is currently provided on the south side of US Highway 62. The coordinates for the approximate
center of the Lea Land site are Latitude 32°31'46.77” and Longitude -103°47°18.25".

1.2 Facility Description

The Lea Land SWMF comprises approximately 463 acres + of the 642-acre = site, and will include
two main components: an oil field waste Processing Area and an oil field waste solids Landfill, as
well as related infrastructure (i.e., access, waste receiving, stormwater management, etc.). Oil field
wastes are delivered to the Lea Land SWMF from oil and gas exploration and production operations
in southeastern NM and west Texas. The Permit Plans (Attachment Ill.1.A) identify the locations

of the Processing Area and Landfill Disposal facilities. The proposed facilities are detailed in Table

Gordon/PSC [1.9-1 01041618
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11.1.2 (Volume I1.1), and are anticipated to be developed in four primary phases as described in
Table 11.1.3 (Volume I1.1).

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 Lea Land Processing Area. The Lea Land
Processing Area is planned to include up to 12 evaporation ponds, approximately 420 feet (ft) in
length and 200 ft in width, each with a capacity of approximately 9.5 acre-ft. 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 3.5 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 Ill.9.A); and Water-
Resources Engineering (Linsley & Franzini 1979; Attachment 111.9.B).

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

111.9.A. The fastest mile wind speed is approximately 75 mph for the Lea Land site vicinity.

Wave height in a pond is estimated using the following equation (i.e., page 166, Equation 7-4,
Attachment I11.9.B):

Zu = 0.034 (V,,)"% Fo47

Where:
Zy = height of wave (feet)
Vw = wind speed (mph) = 75 mph
F = fetch length (miles) = 420 feet/5,280 feet/mile = 0.080 miles
Therefore:

Zy = 0.034 (75 mph)'-% (0.080 miles)**
Z. = 0.034 (97.2) (0.30)

Z, = 0.99 feet = height of wave in pond due to a 75 mph wind

Gordon/PSC 11.9-2 01041618
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The height of wave runup for a smooth (i.e., HDPE liner) surface can be obtained from Table 11,
Attachment 1ll.9.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

4.0 SUMMARY

When considering a conservative 75 mph wind across the length of the pond, a wave height of
0.99 ft is calculated. This wave will run-up approximately 1.66 ft up the sideslope of the pond. The
ponds have been designed with a minimum freeboard of 3.5 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 = 4.48”) with a sufficient Factor of Safety (FS) of over 0.5 ft.
In addition, the berm to be constructed around the entire pond area is lined to an additional height

of at least 10 ft, providing additional potential drift protection (see Permit Plans, Volume lil.1)
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Figure 16 Fastest-Mile Wind Speeds: 25-year Return Period



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=HC; (0.12L/H)(C, (H/d,)** + 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

Ci, Cy Gy = coefficients given below.

Structure Slope * C () G
Vertical 0.96 0.23 +0.06
lon 1.0 1.47 0.35 -0.11
lonl.5 1.99 0.50 -0.19
1 on2.25 1.81 0.47 -0.08
lon3.0 1.37 0.51 +0.04

“Interpolate linearly between these values for other slopes.

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

R = (0.69&/1+0.56)H (14)
£ =tan 0/(H/L,)">  (15)
L,=5.12T* (16)

0 = structure of the slope (e. g., tan 6 = 0.25 for a slope of 1V on 4H
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Figure 27 wave Runup Definition Sketch

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.



- m R
| . - -
m SWL ![} ]—I-Ti_ b5 2.25H
Mi 2.5 | 75H
™10
SMOOTH FACE 49 | .50H

m R
|5 | .25H
il | OOH
40 0.75H

ROUGH FACE

N
R m R
| T - -
1 . SWL ¢ n Ly

~

STEPPED FACE

SWLy N l_lji_
UJ_ = 2 .00H

/ﬂ%

VERTICAL FACE

Table 11 Wave Runup Heights



Lea Land LLC Surface Waste Management Facility
Application for Permit Modification

Volume lll: Engineering Design and Calculations
Section 9: Wave Action Calculations

June 2019

ATTACHMENT 111.9.B
WATER-RESOURCES ENGINEERING
(LINSLEY & FRANZINI 1979)

Gordon/PSC 01041618



WATER-RESOURCES
ENGINEERING

THIRD EDITION

Ray K. Linsley

Professor Emeritus of Hydraulic Engineering
Stanford University
Partner, Linsley, Kraeger Associates

Joseph B. Franzini

Professor of Civil Engineering
Associate Chairman, Department of Civil Engineering
Stanford University

McGraw-Hill Book Company

New York St. Louis San Francisco Auckland Bogotd Diisseldorf
- Johannesburg London Madrid Mexico Montreal New Delhi Panama
Paris Sdo Paulo Singapore Sydney Tokyo Toronto



RESERVOIRS 165

by ordinary earth-moving methods would be expensive unless the excavated sedi-
ment has some sales value.

7-9 Wind setup and 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

V2F
Zs = 14004

where Z, is the rise in feet (meters) above still-water level, ¥, is the wind speed in
miles (kilometers) per hour, F is the fetch 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.”> 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, called 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 tangential 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.

(7-3)

L 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 fully 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.! 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? confirm the theoretical
and experimental data for ocean waves if a modified value of fetch is used. The
derived equation is

z., =0034)/ 100047 _ (7-4)

!'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 7-15 Computation of effective fetch. (Modified from Saville, McClendon, and Cochran)

vhere z,, is the average height in feet (meters) of the highest one-third of the waves
nd is called the significant wave height, V,, is the wind velocity in miles (kil-
ymeters) 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. 7-14' 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
wer 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-
tons. Waves are critical only when the reservoir is near maximum levels. Thus in
electing the critical wind speed for reservoirs subject to seasonal fluctuations,

' A graph for the solution of Eq. (7-4) in SI metric units is given in Appendix B-1.
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Table 7-2 Relationship between wind over land and that over water. (After
Saville, McClendon, and Cochran)

Fetch, mi (km) | 0.5(08) | 1(16) | 2(32) | 4(65) | 6(9.7) | 8(129)
Voruer! Viana 1.08 1.13 121 1.28 131 131

W,

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. Ifa
more conservative design is indicated, a higher wave height may be chosen. Table
7-3 gives ratios of z'/z,, 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' on smooth slopes and rubble
mounds. Height of run-up z, is shown as a ratio z,/z,, and is dependent on the
ratio of wave height to wavelength (wave steepness). Wavelength 4 for deep-water
waves may be computed from

A =512 ft or A= 156tZm (7-5)
where the wave period ¢, is given by
t; = 0.46V944F0.28 (7-6)

For shallow-water waves other length relations are appropriate.> 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.

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.

Table 7-3 Percentage of waves exceeding various wave heights greater than
Z,,- (After Saville, McClendon, and Cochran)

Z'[z,, 1.67 1.40 1.27 1.12 1.07 1.02 1.00
Percentage of waves > 2z’ 0.4 2 4 8 10 12 13
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1.0 INTRODUCTION

Lea Land LLC (the Facility) is an existing Surface Waste Management Facility (SWMF) providing oil
field waste solids (OFWS) disposal services. The existing Lea Land SWMF is subject to regulation
under the New Mexico Oil and Gas Rules, specifically 19.15.9.711 and 19.15.36 NMAC, administered
by the Oil Conservation Division (OCD) of the NM Energy, Minerals, and Natural Resources Department
(NMEMNRD). This document is a component of the “Application for Permit Modification” that proposes
continued operations of the existing approved waste disposal unit; lateral and vertical expansion of the
landfill via the construction of new double-lined cells; and the addition of waste processing capabilities.
The proposed Facility is 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, Lea Land LLC.

The Lea Land SWMF is one of the most recently designed facilities to meet the new more stringent
standards that, for instance, mandate double liners and leak detection for land disposal. The new
services that Lea Land will provide needed resources to fill an existing void in the market for

technologies that exceed current OCD requirements.

1.1 Site Location

The Lea Land site is located approximately 27 miles northeast of Carlsbad, straddling US Highway
62-180 (Highway 62) in Lea County, NM. The Lea Land site is comprised of a 642-acre * tract of
land encompassing Section 32, Township 20 South, Range 32 East, Lea County, NM. Site access
is currently provided on the south side of US Highway 62. The coordinates for the approximate
center of the Lea Land site are Latitude 32°31'46.77” and Longitude -103°47°18.25".

1.2 Facility Description

The Lea Land SWMF comprises approximately 463 acres * of the 642-acre + site and will include two
main components: an oil field waste Processing Area and an oil field waste solids Landfill, as well as
related infrastructure (i.e., access, waste receiving, stormwater management, etc.). Qil field wastes
are delivered to the Lea Land SWMF from oil and gas exploration and production operations in
southeastern NM and west Texas. The Permit Plans (Attachment lll.1.A) identify the locations of the
Processing Area and Landfill Disposal facilities. The proposed facilities are detailed in Table 11.1.2
(Volume II.1) and are anticipated to be developed in four primary phases as described in Table 11.1.3
(Volume I1.1).
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2.0 DESIGN CRITERIA
The purpose of these calculations is to evaluate that:

e The proposed 10 ounces per square yard (0z./yd?) nonwoven cushion geotextile provides
adequate puncture resistance as to prevent damage the underlying 60-mil high-density
polyethylene (HDPE) flexible membrane liner (FML) from the % to 2-inch select aggregate
in the leachate collection system.

e The proposed 10 ounces per square yard (0z./yd?) nonwoven geotextile, as integral
components of the geocomposites, meets specific retention, permeability, permittivity and
porosity criteria based on the geotechnical characteristics of the proposed protective soil
layer material to be used in the Lea Land landfill.

e The proposed 200-mil geonet as an integral component of the leak detection system,
meets specific lateral flow, and porosity characteristics based on compressive loading.

3.0 REFERENCES
The following references were used to confirm the adequacy of a 10 o0z./yd? nonwoven geotextile
for use in the select aggregate leachate collection system and protective drainage layer system:

1. Koerner, Robert M. 2005. Chapter 2.5.4, “Puncture Resistance” In Designing With
Geosynthetics, Fifth Edition, Pages 171-173. New Jersey: Pearson Prentice Hall.

2. Advanced Geotech Systems. Geotextile Filter Calculator. Landfilldesign.com. http://www.
landfilldesign.com/design/calculators/geofil.aspx (2013).

3. Geotextile Criteria for Subsurface Drainage”, AASHTO M288-96

4. Geosynthetic Research Institute; GRI Standard GC8 — Determination of the Allowable
Flow Rate of a Drainage Geocomposite

5. GFR Article; Landfill Drainage Layers: Part 3 of 4, April 2005

4.0 FACTOR OF SAFTEY AGAINST PUNCTURE OF THE 10 OZ/YD? NONWOVEN
GEOTEXTILE

A 10 oz./yd? nonwoven geotextile is to be installed to provide a cushion between the % to 2-inch

select aggregate in the leachate collection system and the underlying 60-mil HDPE upper liner.

The purpose of the nonwoven geotextile is to provide adequate puncture resistance so that the

underlying HDPE upper liner is not damaged by the select aggregate; and to act as a filter to

prevent soil fines from infiltrating into the geocomposite system.

The load on the 10 oz./yd? nonwoven geotextile is based on the maximum depth of the landfill
components. For the Lea Land landfill, this occurs at a point in Unit lll; A3 East-West Section as

identified in the Pipe Loading Calculations (Volume IIl.5). In the same Section, it was shown that
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dynamic equipment loading was significantly less than the static load due to the over lying landfill
components. The static load is calculated using the thickness of each layer and assigned unit
weights taken from Table I11.5.2 and restated below. This static load will be used to determine the
puncture resistance of the 10 0z./yd? nonwoven geotextile to protect the underlying 60-mil HDPE
FML. The required vertical puncturing force is summarized in Table 111.10.1.

TABLE 111.10.1
Landfill Static Load Parameters

Layer Thickness Unit Weight Actual Load
(feet) (pcf) (psf)
Vegetative (Erosion) Layer 2.5 102.5 256.25
Barrier (Infiltration) Layer 0.5 102.5 51.25
Intermediate Cover Soils 1 102.5 102.5
Waste 205 74 15,170.0
Protective Soil Layer 2 102.5 205.0
Select Aggregate above the 10 oz/yd?
nonwoven geotextile in the leachate 1 130 130.0
collection trench
Design Load (P’) . 15,915.0 psf
TOTAL: (110.5 psi)

The vertical puncturing force of the 10 oz/yd? nonwoven geotextile to protect the underlying 60-
mil HDPE upper liner is calculated using the following equation (Attachment 111.10.A, Pages 171,
172, and 173):

Frequirea = (P')(da)?(S1)(S2)(Ss)

Where:
Frequrea = required vertical puncturing force to be resisted
p’ = pressure exerted on the 10 o0z./yd? geotextile = 110.5 psi
da = average diameter of puncturing aggregate = 1.375 inches
Sy = protrusion factor of puncturing aggregate = 0.7
Sy = scale factor to adjust the ASTM D4833 puncture test value that uses an
8.0 mm diameter puncture probe to the actual puncturing object= 0.6
S3 = shape factor to adjust the ASTM D4833 flat puncture probe to the actual

shape of the puncturing object=0.6

Note: Values used for S4, S; and S3 assumes the puncturing object is sub rounded and relatively
large.

Frequired = 52.65 Ibs
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Assuming a Factor of Safety of 2.0, Frequired = 2.0 (52.65 Ibs.) = 105.29 Ibs. The puncture strength
for a 10 oz./yd? nonwoven geotextile is established at 165 Ibs (Attachment 111.9.B). Therefore,
the 10 oz./yd? nonwoven geotextile will provide adequate puncture resistance to a % to 2-inch
aggregate; and the underlying 60-mil HDPE FML will not be damaged by the select aggregate in

the leachate collection system.

5.0 10 OZ/YD2 NONWOVEN GEOTEXTILE RETENTION, PERMEABILITY, PERMITTIVITY
AND POROSITY

One function of the 10 oz./yd? nonwoven geotextile filter within the leachate collection system is
the retain soils fines while allowing fluids to flow freely. To achieve this objective, the 10 o0z./yd?
nonwoven geotextile filter must meet certain retention, permeability, permittivity, maximum AOS
size, and porosity criteria. These criteria were evaluated using the “Geotextile Filter — Design
Calculator” listed on the landfilldesign.com website; and the requirements of AASHTO M288-96
(Attachment 111.10.C).

5.1 Protective Soil Layer Properties
Attachments lll.4.B and C provides laboratory geotechnical data for Lea Land landfill soils and are
not repeated in this section. Based upon the geotechnical data, New Mexico Oil and Gas Rules,
19.15.36 NMAC, administered by the OCD, and standard landfill industry practices; Lea Land is
proposing a protective drainage layer (i.e., protective soil layer, PSL) that meets the following
properties:

e <10% passing the No. 200 sieve by weight

e Uniformity coefficient < 30
e Hydraulic conductivity =2 2.0 x 10 -* cm/sec

The on-site soils encountered from the surface to the proposed depth of excavation consist
primarily of clayey sand, sand-clay mixture that meet the criteria for SC material per the Unified
Soil Classification System (USCS). As excavation proceeds, Lea Land will segregate potentially
suitable soils for testing and use as the protective drainage layer as further described in Volume
lll.4. Proposed PSL materials will be pre-qualified as described in the Lea Land CQA Plan
(Volume IL.7).
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5.2 AASHTO Requirements

The American Association of State Highway and Transportation Officials (AASHTO) recommends
that the minimum hydraulic requirements shown in Table 111.10.2 be used for a nonwoven
geotextile subsurface filter.

TABLE I111.10.2
Recommended Geotextile Filter Criteria (AASHTO M288-96)

Percent of Soil Passing the No. 200

N Geotextil
onwoven Geotextile Sieve By Weight

Filter Criteria
<15% 15% to 50% >50%
Minimum Permittivity (ASTM D4491) 0.5 sec” 0.2 sec! 0.1 sec’
Maximum AOS (ASTM D4751) 0.43 mm 0.25 mm 0.22 mm

Based on the criteria in Table 111.10.2, the nonwoven geotextile filter should have a minimum

permittivity of 0.5 sec™ and a maximum AOS size of 0.43 millimeters (mm).

5.3 Landfilldesign.com Geotextile Filter — Design Calculator Requirements

5.3.1 Retention Requirement (Maximum AOS) Under Steady State Flow

The particle size distribution of the soils was input into the Geotextile Filter — Design Calculator
(Attachment 111.9.C) and the resulting maximum AOS size was computed to be 1.18 mm, which
is greater than the maximum AQOS size recommended by AASHTO; therefore, an AOS size of

0.43 mm was used.

5.3.2 Permeability

The principle of the permeability (k) criteria is that, as long as the permittivity (W) of the nonwoven
geotextile is greater than the permeability of the soil, leachate will flow freely at the soil/geotextile
interface. Given the importance of long-term function of the protective soil layer and geotextile,
industry standards recommend a minimum Factor of Safety of 10 for the nonwoven geotextile

permittivity:

Kgeotexiie > 10 Ksoil Where the permeability of the protective soil layer is = 2.0 x 104 cm/sec
kgeotextile >10 (20 x 10 Cm/sec)

kgeotextile > 20 X 10-3 Cm/SeC
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A typical 10 oz./yd? nonwoven geotextile product has a minimum permeability of 3 x 10! cm/sec
(Attachment 111.10.B); therefore, the selected nonwoven geotextile meets the permeability

criteria.

5.3.3 Clogging (Porosity Criteria)

The nonwoven geotextile must remain at a high porosity to prevent clogging of the leachate
collection system. Per Landfilldesign.com (Attachment 111.10.C.), the porosity of the nonwoven
geotextile is sufficient if it is greater than 30%. A GSE 10 oz./yd? nonwoven geotextile is selected
for use in the leachate collection system for the Lea Land Landfill. Porosity is calculated using

the following equation (Attachment 111.10.D, Page 128):
Ngeotextie = 1 — [ / ((P)(1))]

Where:
Ngeotexiie = porosity of the GSE 10 oz./yd> nonwoven geotextile filter
(dimensionless)
3] = mass per unit area of the GSE 10 oz./yd? nonwoven geotextile filter
(0.0335 g/cm?)
p = density of polymeric compound = 0.94 g/cm? for Polypropylene
t = thickness of the GSE 10 oz./yd? nonwoven geotextile filter = 100 mil

(0.254 cm)

The design nonwoven geotextile filter has a weight of 10 oz./yd?. Properties of the proposed 10

oz./yd? nonwoven geotextile filter are listed in Attachment 111.10.B.

Therefore:

Ngeotextie = 1 — [ / ((P)(1))]
Ngeotexile = 1 — [0.0335 g/cm?/ ((0.94 g/cm?3) (0.254 cm))]

Ngeotextile = 1-1[0.0335 g/cm2 /0.2388 g/cmz]
Ngeotextie = 1 — [0.1403]
Ngeotextile = 0.8597

Since the porosity of the GSE 10 oz./yd? nonwoven geotextile is greater than 0.3, the selected

nonwoven geotextile meets the required porosity criteria.
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6.0 200-MIL GEOCOMPOSITE AND GEONET

The primary function of geocomposites is to convey or transmit fluid within the planar direction of a
drainage layer. Transmissivity is defined as the flow rate of water transmitted through a unit width
of the product under a specific hydraulic gradient as measured in a laboratory test. Solmax/GSE
Environmental BioDrain LP Double-Sided Geocomposite (Attachment lll.4.D), has a transmissivity
of 0.48 gal/min/ft or (1 X 10 m?/sec) and was evaluated using Solmax/GSE Environmental Online
Drainage Design Manual; Landfill Leachate Collection and Removal System Design module; and
Geosynthetic Research Institute (GRI) Standard GC8 — Determination of Allowable Flow Rate of a

Drainage Geocomposite (Attachment I11.10.F).

The supporting calculations utilize the average annual leakage rate through the performance-based
alternative final cover system taken the HELP Model output Simulation #9. Of the 17.66 inches of
precipitation the site receives annually, based on the five wettest consecutive years of historical
weather data, evapotranspiration and runoff account for approximately 13 inches with the balance
percolating through various cover layers. The HELP Model estimates that approximately 3.31
inches of moisture leak through the bottom layer and must be eventually be drawn back to the cover
system to be evaporated; absorbed and contained in the oil field waste; or handled by the leachate
collection and removal system component of the liner system. In the case of the proposed geonet
serving as a drainage layer between the upper (primary) FML layer and the bottom (secondary)
FML layer, the same model predicts zero moisture for the leak detection geonet to convey.
Nevertheless, to be conservative, the same assumptions were used for both the geocomposite layer
and the geonet leak detection layer. The geocomposite component is a part of the overall collection
and removal system and is supported by a protective soil layer, leachate collection piping system,
and potentially a chimney drain system. For simplicity as well as conservative design approach,
Gordon/PSC limited the evaluation to the geocomposite performance only. The design approach is
based on the determining the design transmissivity, adjusted for performance creep over time and
other environmental factors, to make a comparison of the documented performance of the

geocomposite and to determine the design factor of safety (FS).

The calculations utilize three equations (Attachment 111.4.F). The first determines the required
transmissivity as follows:
Ji X L

E design
g 1
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Where,

®  Ogesign = calculated design transmissivity (m3/s per m width);

e Ui = liquid impingement rate (m/s), i.e., leakage rate;

[from HELP Model, percolation through layer 2 is (3.3199 inches/year) x (1 year/365 days) =
(9.096 x 10-% inches/day) = (2.674 x 107 cm/s)]

e L = horizontal length of slope (m); [longest leachate path to sump, 278f =84.73m]

e j =slope angle (degrees) [floor cross slope is 3.78% = 2.166°]

2.674 x 1072 ms x 84.73m
Oaesign = sin 2.1669

2.265x 1077 m2/s
Oaesign = 0.03779

0_design = ( [5.995x 10)"(=7) m2/s)

The second equation determines the allowable transmissivity by multiplying the design
transmissivity by an overall factor of safety. Per the referenced attachment, a factor of safety of

2.0 was chosen as the waste loading is at its maximum when considering the final cover crown.

Dattowable = Q)design X FSp

5.995 x 1077m?
sec

x 2.0

Dattowable =

1.199 x 1075m?
sec

(Z)allowable =

The third equation determines the specified transmissivity by applying a long-term creep factor
RFcr; a chemical clogging factor RFcc; and a biological clogging factor RFsc as specified:

e RFcr=2.0

e RFcc=1.0

e RFgc=1.1
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The equation is:
Q)specified = Daiiowabte X RFcr X RF¢c X RFpge

1.199 X 107> m?2

2.63 x 1075 m?
(Z)specified = sec

The GSE BioDrain HP Geocomposite has a Transmissivity of:

1.0 x 10~* m?

) ite =
GSE geocomposite sec

The ratio of the geocomposite transmissivity and the specified transmissivity is:

QGSE geocomposite

= 3.8 which is > 1.0 and is therefore acceptable
Q)specified

Note: The factor of safety and reduction factors have already been incorporated throughout the
calculations and accumulatively represent 4.7. The acceptable transmissivity value is established

by literature review.

7.0 PROPOSED PROJECT SPECIFICATIONS

71 Nonwoven Geotextile

The proposed 10 oz./yd? nonwoven geotextile for use in the Lea Land leachate collection system
must meet the product properties calculated above. The 10 oz./yd? nonwoven geotextile product
properties are specified on the data sheet published by GSE Lining Technology, Inc. (Attachment
111.10.B). The product properties specified for the 10 oz./yd? nonwoven geotextile are summarized
in Table 111.10.3.

7.2 Geocomposite/Geonet
The proposed 10 oz./yd? / 200-mil / 10 oz./yd? geocomposite and 200-mil geonet for use in the

Lea Land leachate collection system and leak detection system must meet the product properties
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calculated above. The geocomposite product properties are specified on the data sheet published
by GSE Lining Technology, Inc. (Attachment 111.10.E).

TABLE 111.10.3
Proposed Nonwoven Geotextile Specifications
Property Calculated\lllztlalj::mmended Product Specification
Puncture 44.08 Ibs 165 Ibs
Minimum Permittivity 0.5 sec™ 1.20 sec
Maximum AOS 0.43 mm 0.15 mm
Permeability > 1.13 x 103 cm/sec 0.30 cm/sec
Porosity >0.30 0.86
Gordon/PSC [11.10-10 01041618
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KOERNER, ROBERT M. 2005. CHAPTER 2.5.4, “PUNCTURE RESISTANCE” IN
DESIGNING WITH GEOSYNTHETICS, FIFTH EDITION, PAGES 171-173.
NEW JERSEY: PEARSON PRENTICE HALL.
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b = width of stone void, and
y = deformation into stone void.
Example 2.9

Given a truck with 700 kPa tire inflation pressure on a stone base course consisting of
50 mm maximum-sized stone with a geotextile beneath it, calculate (a) the required grab
tensile stress on the geotextile, and (b) the factor of safety for a geotextile whose maximum
grab strength is 500 N with cumulative reduction factors of 2.5. Use a value of f(e) = 0.52.

Solution: (a) Using an empirical relationship that d, = 0.33 d,, and the value of f(e) = 0.52,
the required grab tensile strength is as follows:
Treqa = P'(dy)2(0.52)
= p'(0.33 d,)*(0.52)
= 0.057p'd?
= 0.057(700)(1000)(0.050)?
Treqa = 100 N

(b) The factor of safety on a 500 N maximum grab tensile geotextile with reduction
factors of 2.5, is as follows:

Tallo.w
Treqd

_ 500/2.5

100
FS = 2.0, which is acceptable.

FS =

2.5.4 Puncture Resistance

The geotextile must always survive the installation process. This is not just related to
the roadway separation function; indeed, fabric survivability is critical in all types of
applications; without it the best of designs are futile (recall Figure 2.20). In this regard,
sharp stones, tree stumps, roots, miscellaneous debris, and other items, either on the
ground surface beneath the geotextile or placed above it, could puncture through the
geotextile during backfilling and when traffic loads are imposed. The design method
suggested for this situation is shown schematically in Figure 2.32. For these conditions,
the vertical force exerted on the geotextile (which is gradually tightening around the
protruding object) is as follows:

Freqa = P'd3515,5; (2.30)
where
Feqa = required vertical puncturing force to be resisted,
d, = average diameter of the puncturing aggregate or sharp object,
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Figure 2.32 Visualization of a stone puncturing a geotextile as pressure is applied
from above. :

p' = pressure exerted on the geotextile (approximately 100% of tire inflation
pressure at the ground surface for thin covering thicknesses),

S; = protrusion factor of the puncturing object (see Table 2.13),

S, = scale factor to adjust the ASTM D4833 puncture test value that uses a
8.0 mm diameter puncture probe to the actual puncturing object (see
Table 2.13), and

S3 = shape factor to adjust the ASTM D4833 flat puncture probe to the actu-

al shape of the puncturing object (see Table 2.13).

Example 2.10

What is the factor of safety against puncture of a geotextile from a subrounded 25 mm di-
ameter stone on the ground surface mobilized by a loaded truck with tire inflation pres-
sure of 550 kPa traveling on the surface of the base course? The geotextile has an ultimate
puncture strength of 300 N according to ASTM D4833.

TABLE 2.13 RECOMMENDED VALUES FOR FACTORS USED
IN PUNCTURE ANALYSIS (DIMENSIONLESS)

Puncturing Object S S, A
Angular and relatively large 0.9 0.8 0.9
Angular and relatively small 0.6 0.6 0.7
Subrounded and relatively large 0.7 0.6 0.6
Subrounded and relatively small 0.4 0.4 0.5
Rounded and relatively large 0.5 0.4 0.4
Rounded and relatively small 0.2 0.2 0.3

S; = protrusion factor
S, = scale factor } see equation (2.30)
§3 = shape factor
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Solution: Using the full stress on the geotextile of 550 k:?a and factors from Table 2.13 of
0.55,0.50, and 0.55 for Sy, S,, and Syrespectively, we see that

Frch = P’dizzSISESEI |
= (550)(1000)(25 x 0.001)%(0.55)(0.50)(0.55)

F, reqd = 92N
Assuming that the cumulative reduction factors are 2.0, the factor of safety is as follows:
FS = F, allow
reqd
_300/2.0
52

FS = 2.9, which is acceptable

2.5.5 Impact (Tear) Resistance

As with the puncture requirement just described, the resistance of a geotextile to im-
pact is as much a survivability criterion as it is a separation function. Yet in many in-
stances of separation the geotextile must resist the impact of various objects. The
most obvious one is that of a rock falling on it, but there are also situations in which
construction equipment and materials can cause or contribute to impact damage on
geotextiles. ,
The problem addresses the energy mobilized by a free-falling object of known
weight and height of drop. Rarely will an object be intentionally impelled onto an ex-
-posed geotextile with additional force, so only gravitational energy will be assumed.
To develop a design procedure, we assume a free-falling rock of specific gravity of
2.60, varying in diameter from 25 to 600 mm and falling from heights of 0.5 to 5 m.
Using this data, the design curves in Figure 2.33 are developed. The relationship used is
as follows:

E = mgh

= (V X p)gh
= [V X (puG5)Igh
n(d,/1000)* /1000 k
=( 4/1000) )( . g)(2.6)(9.81)h
6 m
E =1335X%10%d3h (2.31)
where

E .= energy developed (Joules),
m = mass of the falling object (kg),
g = acceleration due to gravity (m/sec?),
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Product Data Sheet

‘

GSE STANDARD PRODUCTS

GSE Nonwoven Geotextiles

GSE Nonwoven Geotextiles is a family of polypropylene, staple fiber, nonwoven, needlepunched geotextiles.
Manufactured using an advanced manufacturing and quality system, these products are the most uniform and consistent
nonwoven, needlepunched geotextile currently available in the industry. GSE combines a fiber selection and approval
system with in-line quality control and a state-of-the-art laboratory to ensure that every roll shipped meets customer spec-
ifications. The company has performed extensive performance festing to evaluate suitability of its nonwovens for various
applications. GSE Nonwoven Geotextiles are available in a range of weights to meet your specific project needs. These
product specifications meet or exceed GRI GT12, GRI GT13 and AASHTO M288.

Product Specifications

Product Code GEO GEO GEO GEO GEO GEO
0408002 | 0608002 | 0808002 | 1008002 | 1208002 | 1608002
AASHTO M288 Class 3 2 1 >1 >>1 >>>1
Mass per Unit Area, oz/yd? (g/m?) ASTM D 5261 90,000 ft? 4 6 8 10 12 16
(135) (200) (270) (335) (405) (540)
Grab Tensile Strength, 1b (N) ASTM D 4632 90,000 ft* 120 170 220 260 320 390
(530) (755) (975) (1,155) (1,420) (1,735)
Grab Elongation, % ASTM D 4632 90,000 ft? 50 50 50 50 50 50
Puncture Strength, Ib (N) ASTM D 4833 90,000 ft2 60 90 120 165 190 240
(265) (395) {525) (725) (835) (1,055)
Trapezoidal Tear Strength, Ib (N) ASTM D 4533 | 90,000 ft 50 70 95 100 125 150
(220) (3100 | (420) (445) (555) (665)
Apparent Opening Size, Sieve No. (mm)] ASTM D 4751 540,000 ft? 70 70 80 100 100 100
(0.212) (0.212) (0.180) (0.150) (0.150) (0.150)
Permittivity, sec’ ASTM D 4491 540,000 ft? 1.50 1.50 1.50 1.20 0.80 0.70
Permeability, cm/sec, ASTM D 4491 540,000 f2 0.22 0.30 0.30 0.30 0.29 0.27
Water Flow Rate, gpm/ft? (I/min/m?) ASTM D 4491 540,000 ft* 120 110 10 85 60 50
(4,885) (4,480) (4,480) (3,460) (2,440) (2,035)
UV Resistance ASTM D 4355 per 70 70 70 70 70 70
(% retained after 500 hours) formulation
Roll Length™, ft (m) 600 600 600 300 300 300
(182) (182) (182) (91) {91) 91
Roll Width™, ft (m) 15 15 15 15 15 Ty
(4.6) (4.6) (4.6) (4.6) (4.6) (4.6)
Roll Area, ft2 (m? 9,000 9,000 9,000 4,500 4,500 4,500
(836) (836) (836) (418) (418) (418)

NOTES:

» The property values listed are in weaker principal direction. All values listed are Minimum Average Roll Values (MARV) except apparent opening size in mm and UV
resistance. Apparent opening size (mm) is a Maximum Average Roll Value. UV is a typical value.

* Roll lengths and widths have a tolerance of +1%.

DS037 NW R08/30/07

This information is provuded for téfererice purposss only dnd is ot interided ds u wurrunjy or gudrantes.. GSE assumes n liability in connection with the use of this information. Please check with
GSE {qr CU[I‘BJ'II standard m '_,'_ quullly assofance pro ure nnd spacuﬁ

ine other tradernarks in ihis document are reglsta(ed trademarks ofGSE L:ning Tschnology Inc. in the Un[ted States and cen;aln forsign cauntries.

North America GSE Lining Technology, Inc. Houston, Texas 800.435.2008 281.443.8564 Fox: 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 66.2.937.00 Fax: 66.2.937.0097
Europe & Africa GSE Lining Technology GmbH Homburg, Germany 49.40.767420 Fax: 49.40.7674234
Middle East GSE Lining Technology-Eqypt The 6th of October City, Egypt 20.2.828.8888 Fox: 20.2.828.8889

www.gseworld.com
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landfilldesign.com
Design Calculator

Geotextile Filter

Problem Statement |

The function of a geotextile filter is to retain the soil while allowing the liquid to flow as freely as possible. In order to achieve this objective, a geotextile filter
needs to meet: (1) Retention criterion: the filter opening size must be sufficiently small to retain soil particles. (2) Permeability criterion: the filter must be

sufficiently permeable to ensure that the liquid flow Is as free as possible, and (3) Porosity criterion: the filter should remain a high porosity so the probability
for clogging is small.

Giroud's filter criteria is used in the calculation. It is recommended that AASHTO M288-96 minimum hydraulic requirements as shown in the table below be also
considered in the selection of a geotextiles filter.

Table 1 - Geotextile Criteria for Subsurface Drainage
{after AASHTO M288-96)

Fliter Criteria PercentSoil Passing No. 200 (0.075mm) Sieve

<15 15 - 50 >50
Minimum Permittivity, ASTM D-4491 0.5 sec™’! 0.2 sec”’ 0.1 sec™
|[Maximum AOS, ASTM D-4751 0.43 mm 0.25 mm 0.22 mm

Retention Criterion

Giroud (2000) uses a linearization of the particle distribution curve that, when plotted with the classical log scale horizontal axis, is as close as possible to the
actual particle distribution curve (Figure 1). A least variance approach was used to determine the best linearization of the central portion (Equation 1 & 2). It
should be noted in Figure 1 that there Is greater uncertainty on the two extremities (dg and dieo) of the actual particle size distribution, This justifies the use of
the linear particle size distribution curve. The result obtained using Giroud's retention criterion is not affected by the truncation of the particle size distribution
curve. A coefficient of determination (R2) Is calculated to indicate the effectiveness of the linearization (Equation 3).

_ n(Ex)-(Zx)(y) _ (EN(EE)-(ENE) [ gre el EW) - (EX(EY)
n(Ex)-(£x) (202 -(Ex) \I[nz:x-‘-(zxf][nzy’- (zy)]

Eq. 3 - The r-squared value can be
Eqg. 1 - Slope determination by the IEq. 2 - Intercept determination by the [interpreted as the proportion of the
method of the least squares method of the least squares variance in y attributable, to the
variance in x

d“ d ]
100 —
Aclual
particle
ol eemsaaaaa size

: distribution

" curve

1

I

0 i |

d? d, d,=d,
Particle size (log scale)
Figure 1 - Linearization of Particle Size Distribution Curve (after Giroud, 2000)

Table 2 - Retention Criterion for the Hyperstable Case
(C'cu = 3) expressed using d'gss

Density Index Relative Linear coefficient of uniformity of the soil, C'y
Soil Density| (Relative Density) | tion (Rc)
paction (Re
In 1sc|“s:’ c‘uzs
loose Ip € 35% Rc < 86% O = (C'0)™ d'sss Or < (9/C'") d'sss
:‘l:“dsl:m 35% <1lp £ 65% 86% <R 592% Ors1.5 [C'.,.]"" d'ass Of s “3_5&.”1.7} d'ass
ganss g gex Re > 82% 0r $2(C')™* d'ass OF < (18/C","7) d'sss

Table 3 - Retention Criterion for the Hyperstable Case
(C'cu = 3) expressed using d'sgs

Density Index

Relative Linear coefficient of uniformity of the soil, C',
Soil Density (Ralatlw: Density) Compaction (Rc)
a 12C, <3 cy,23
[100se I I S 35% | Rc < 86% Of 5 (C'u) d'sos Of < (9/C',) d'sas

I H 35% < lp S 65% | B6% < Rc £ 92% Or = 1.5 (C'y) d'sos Or < (13.5/C"y) d'sos



medium “
dense
dense Io > 65% [ Rc > 92% [ OF S 2(C'y) d'sos Of < (18/C",) d'sos
where:
|[c'.. Hllnear coefficient of uniformity of the soil = d'gps / d'y0s
10 |[retative density or density index of the soil
. lthe particle size such that m% (on the linear particle size distribution curve) of the linear soil
particles by mass are smaller than d'ys
Rc |Iretative compaction
||O; ”maximum filter opening size

Permeability Criteria

ez ks * 1, -> against excessive pore water pressure
[[ks 2 ks -> against excessive reduction of flow rate

where:
k¢ - Hydraulic conductivity of the geotextile filter
ks - Hydraulic conductivity of the soil
Is - Hydraulic gradient in the soil (typical values presented in Table 4)

Table 4 - Typical Hydraulic Gradients in the Soil in the Vicinity of the Filter

l Application Typical hydraulic gradient
[Ordinary dewatering trench 1

Ferlical wall drain 1.5

Pavement edge drain

1
|Landfill leachate collection/detection removal system 1
[I&dﬂll closure surface water collection removal system 1
Dam toe drains 2
[Dam clay cores 3to10
1
10

lisland channel protection
[Shoreline protection
|Liquid impoundment with clay liners >10

Porosity Criteria
Ngrx > 0.3
where Ngrx is the porosity of geotextile filter.

There are two mechanisms that are known to cause progressive clogging in a filter: (1) Chemical, biological and biochemical clogging. (2) Accumulation of soil
particles on or in the filter.

InputValues | - B e e o _
Particle Size Distribution
dio |,095 mm
dag I1g4 mm
dso |1.010 mm
dso {1.593 mm
das |10.41 mm

w Factor
w factor |2 loose et dense

dense

1 1.5 2

Solution - B . B o =
Input data
Actual Particle Distribution Curve
dio 0.085 mm
dzo 0.194 mm
dso 1.010 mm
dso 1.520 mm

das 6.500 mm



Output Data
Values of the Linear Particle Distribution Curve

d'y 0.066 mm
d'o 0.104 mm
d'zn 0.163 mm
d'sp 0.643 mm
d'sp 1.015 mm
d'ss 3477 mm
d'100 6.300 mm
Coefficient of Determination (R?) 1.0844

Indicates how acurate the linearization is

Coefficient of Uniformity 16.0000
If greater than 1 and smaller than 5, it is said to be uniformly graded.
If greater than 20, it is said to be broadly graded.

Linear Coefficient of Uniformity 9.80

Maximum Filter Opening Size 1.1802 mm

Assistance | § - ; -
References |

Giroud, J.P., 2000, "Filter Criteria®, in Jubilee Volume 75th Anniversary of K. Terzaghi's Erdbaumechanik (Soil Mechanics), Technical University, Vienna, Austria, Vol 5/2000,
Brandl, H., editor,

Giroud, J. P., 1994, "Quantification of Geosynthetics Behavior", Special Lecture, Proceedings of the Fifth International Conference on Geotextiles, Geomembranes and
Related Products, Singapore, September 1994, Vol. 4, pp. 1249-1273,

Giroud, J. P., 1988, "Review of Geotextile Filter Criteria”, Proceedings of the First Indian Geotextiles Conference, Bombay, India, December 1998, pp. 1-6,

Giroud, J. P., 1982, "Filter Criteria for Geotextiles", Proceedings of the Second International Conference of Geotextiles, Vol. 1, Las Vegas, Nevada, USA, August 1982, pp.
103-108,

Copyright 2010 Advanced Geotech Syslems. Al ights reserved o
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128 Designing with Geotextiles Chap. 2

Since the test greatly resembles a direct shear test, albeit with stationary soil on
both sides of the tensioned geotextile, a possible design strategy is to take direct shear
test results (for both sides of the geotextile) and use these values for pullout design
purposes. However, this may not be a conservative practice.

Test results by Collios et al. [36] show a relationship of pullout test results to
shear test results with some notable exceptions. For pullout testing, if the soil particles
are smaller than the geotextile openings, efficiencies are high;if not, they can be low. In
all cases, however, pullout test resistances are less than the sum of the direct shear test
resistances. This is due to the fact that the geotextile is taut in the pullout test and ex-
hibits large deformations. This in turn causes the soil particles to reorient themselves
into a reduced shear strength mode at the soil-to-geotextile interfaces, resulting in
lower pullout resistance. The stress state mobilized in this test is both interesting and
complex as evidenced by a large number of technical references on this topic.

2.3.4 Hydraulic Properties

Unlike the physical and mechanical properties just discussed, traditional tests on tex-
tile materials rarely have hydraulic applications; that is, the garment and industrial fab-
rics industry obviously does not test for liquid flow. As a result, hydraulic testing of
geotextiles has required completely new and original test concepts, methods, devices,
interpretation, and databases. Both geotextile tests in-isolation and with soil will be de-
scribed in this section.

Porosity. As conventionally defined with soils in geotechnical engineering, the
porosity of a geotextile is the ratio of void volume to total volume. It is related to the
ability of liquid to flow through or within the geotextile but is rarely measured directly.
Instead, it is calculated from other properties of the geotextile:

m
=1-— 215
n o (2.15)
where
n = porosity (dimensionless),
m = mass per unit area, i.e., weight, (g/m?),
p = density (g/m®), and
t = thickness (m).

It is seen in equation (2.15) that for a given geotextile’s weight and density, the porosi-
ty is directly related to thickness. Thickness in turn is related to the applied normal
stress (see again Figure 2.6).

Pore size can be measured by careful sieving with controlled-size glass beads (see
the AOS test later in this section), by the use of image analyzers [37], or by the use of
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PRODUCT DATA SHEET

GSE BioDrain LP Geocomposite (Double-Sided)

GSE BioDrain LP consists of a GSE HyperNet geonet heat-laminated with a nonwoven
geotextile on one side and with a low permittivity (LP) woven geotextile on the other side. [*]
The geotextiles serve as filters and separators, while the geonet core provides liquid flow
medium. The type of geotextile and thickness of the core can be varied depending on AT THE CORE:
requirements of a project. BioDrain is used as a
leachate distribution
Product Specifications layer to disperse leachate
system.
Geocomposite
Transmissivity®, gal/min/ft (m?/sec) ASTM D 4716 1/540,000 ft2 = 0.48 (1x10%) BioDrain LP can also be
Geonet Core®-HyperNet 200 used for applications with
Geonet Core Thickness, mil ASTM D 5199 1/50,000 ft2 = 200 extended UV exposure
Density, g/cm? ASTM D 1505 1/50,000 ft2 | 0.94 enviroment.
Tensile Strength (MD), Ib/in ASTM D 7179 1/50,000 ft? 45
Carbon Black Content, % ASTM D 4218 1/50,000 ft? 2.0

Geotextile® - 6 oz/yd?

Mass per Unit Area, oz/yd? ASTM D 5261 /90,000 ft* 6
Grab Tensile Strength, Ib ASTM D 4632 1/90,000 ft2 | 160
Grab Elongation ASTM D 4632 1/90,000 ft2 50%
CBR Puncture Strength, lb ASTM D 6241 1/540,000 ft2 = 435
Trapezoidal Tear Strength, Ib ASTM D 4533 1/90,000 ft? 65
AOS, US sieve (mm) ASTM D 4751 1/540,000 ft? | 70 (0.212)
Permittivity, sec’ ASTM D 4491 1/540,000 ft2 1.5
Water Flow Rate, gpm/ft2 ASTM D 4491 1/540,000 ft2 = 110
UV Resistance, % retained ASTM D 4355 (after per 70
500 hours) formulation

Geotextile® - LP

Grab Tensile Strength, Ib ASTM D 4632 1/540,000 ft2 | 150
Puncture Strength, Ib ASTM D 4833 1/180,000 ft2 ' 100
AOS, US sieve (mm) ASTM D 4751 1/180,000 ft? | 70 US Sieve (0.212)
Permittivity, sec” ASTM D 4491 1/180,000 ft2 0.2
Water Flow Rate, gpm/ft2 ASTM D 4491 1/180,000 ft2 = 12
UV Resistance, % retained éfst‘;rr[;]olg h‘gi)s E;;Wulation 85
NOMINAL ROLL DIMENSIONS®
Roll Width, ft 14.5
Roll Length, ft 230
Roll Area, ft? 3,335

NOTES:

« WAl geotextile properties are minimum average roll values except AOS which is maximum average roll value and UV resistance is typical value. Geonet core
thickness is nominal value.

« @This is an index transmissivity value measured at stress = 10,000 psf, water at 70 F gradient = 0.1, between steel plates for 15 minutes. Contact
GSE for performance transmissivity value for use in design.

*« ®Component properties prior to lamination.

* @Roll widths and lengths have a tolerance of +1%.

GSE is a leading manufacturer and marketer of geosynthetic lining products and services. We’ve
built a reputation of reliability through our dedication to providing consistency of product, price
and protection to our global customers.

Our commitment to innovation, our focus on quality and our industry expertise allow
us the flexibility to collaborate with our clients to develop a custom, purpose-fit solution.
ENVIRONMENTAL™

For more information on this product and others, please visit us at
[ I"'“MB"'"Y n“"s nEEP ] GSEworld.com, call 800.435.2008 or contact your local sales office.

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.
Specifications subject to change without notice. GSE and other trademarks in this document are registered trademarks of GSE Environmental, LLC in the United States and certain foreign
countries. REV 04JUN2014
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Geosynthetic Institute
475 Kedron Avenue

(GRD
Folsom, PA 19033-1208 USA %®
GAD—(GCD

TEL (610) 522-8440
FAX (610) 522-8441

Original: April 17,2001
Rev. 1: January 9, 2013-Editorial

GRI Standard GC8"

Standard Guide for

Determination of the Allowable Flow Rate of a Drainage Geocomposite

This specification was developed by the Geosynthetic Research Institute (GRI), with the
cooperation of the member organizations for general use by the public. It is completely optional
in this regard and can be superseded by other existing or new specifications on the subject matter
in whole or in part. Neither GRI, the Geosynthetic Institute, nor any of its related institutes,
warrant or indemnifies any materials produced according to this specification either at this time
or in the future.

1. Scope

1.1

1.2

1.3

1.4

1.5

1.6

This guide presents a methodology for determining the allowable flow rate of a
candidate drainage geocomposite. The resulting value can be used directly in a
hydraulics-related design to arrive at a site-specific factor of safety.

The procedure is to first determine the candidate drainage composite’s flow rate for
100-hours under site-specific conditions, and then modify this value by means of creep
reduction and clogging reduction factors.

For aggressive liquids, a “go-no go” chemical resistance procedure is suggested. This
1s a product-specific verification test for both drainage core and geotextile covering.
The type of drainage geocomposites under consideration necessarily consists of a
drainage core whose purpose it is to convey liquid within its manufactured plane. The
drainage core can be a geonet, 3-D mesh, built-up columns, single or double cuspations,
etc.

The drainage core usually consists of a geotextile on its upper and/or lower surface. In
some cases, the drainage core is used by itself. The guide addresses all of these
variations.

The guide is also applicable to thick nonwoven geotextiles when they are utilized for
their drainage capability.

*This GRI standard is developed by the Geosynthetic Research Institute through consultation and review by the
member organizations. This specification will be reviewed at least every 2-years, or on an as-required basis. In this
regard it is subject to change at any time. The most recent revision date is the effective version.

Copyright © 2001, 2013 Geosynthetic Institute
All rights reserved
GC8-1of11 Rev. 1: 1/9/13




1.7
1.8

All types of polymers are under consideration in this guide.
The guide does not address the required (or design) flow rate to which a comparison is
made for the final factor of safety value. This is clearly a site-specific issue.

2. Referenced Documents

2.1

2.2

23

ASTM Standards

D1987 — “Test Method for Biological Clogging of Geotextile or Soil/Geotextile Filters”
D2240 — “The Method for Rubber Property — Durometer Hardness”

D4716 — “Test Method for Constant Head Hydraulic Transmissivity (In Plane Flow) of
Geotextiles and Geotextile Related Products”

D5322 — “Standard Practice for Immersion Procedures for Evaluating the Chemical
Resistance of Geosynthetics to Liquids”

D6364 — “Test Method for Determining the Short-Term Compression Behavior of
Geosynthetics”

D6388 — “Standard Practice for Tests to Evaluate the Chemical Resistance of Geonets
to Liquids”

D6389 — “Standard Practice for Tests to Evaluate the Chemical Resistance of
Geotextiles to Liquids”

GRI Standards
GS4 — Test Method for Time Dependent (Creep) Deformation Under Normal Pressure

Literature

Giroud, J.-P., Zhao, A. and Richardson, G. N. (2000), “Effect of Thickness Reduction
on Geosynthetic Hydraulic Transmissivity,” Geosynthetics International, Vol. 7, Nos.
4-6, pp. 433-452.

Koerner, R. M. (2012), Designing with Geosynthetics, 6" Edition, Xlibris Publishing
Co., 914 pgs.

3. Summary of Guide

3.1

3.2
33

This guide presents the necessary procedure to be used in obtaining an allowable flow
rate of a candidate drainage geocomposite. The resulting value is then compared to a
required (or design) flow rate for a product-specific and site-specific factor of safety.
The guide does not address the required (or design) flow rate value, nor the subsequent
factor of safety value.

The procedures recommended in this guide use either ASTM or GRI test methods.

The guide is applicable to all types of drainage geocomposites regardless of their core
configuration or geotextile type. It can also be used to evaluate thick nonwoven
geotextiles.

GC8-2o0f11 Rev. 1: 1/9/13



4. Significance and Use

4.1 The guide is meant to establish uniform test methods and procedures in order for a
designer to determine the allowable flow rate of a candidate drainage geocomposite for
site-specific conditions.

4.2 The guide requires communication between the designer, testing organization and
manufacturer in setting site-specific control variables such as product orientation, stress
level, stress duration, type of permeating liquid and materials below/above the
geocomposite test specimen.

4.3 The guide is useful to testing laboratories in that a prescribed guide is at hand to
provide appropriate data for both designer and manufacturer clients.

5. Structure of the Guide

5.1 Basic Formulation — This guide is focused on determination of a “Qajion”” value using the
following formula:

1
= 1
anOW q100|: RFCR X RFCC X RFBC j| ( )

where

Jallow = allowable flow rate

qioo = initial flow rate determined under simulated conditions for 100-hour duration
RFcr = reduction factor for creep to account for long-term behavior

RFcc = reduction factor for chemical clogging

RFpc = reduction factor for biological clogging

Note 1: By simulating site-specific conditions (except for load duration
beyond 100 hours and chemical/biological clogging), additional reduction
factors such as intrusion need not be explicitly accounted for.

Note 2: The value of qauow is typically used to determine the product-specific
and site-specific flow rate factor of safety as follows:

FS = Jatlow )
U reqd
The value of “qreqd” 1s a design issue and is not addressed in this guide.
Likewise, the numeric value of the factor-of-safety is not addressed in this
guide. Suffice it to say that, depending on the duration and criticality of the
situation, FS-values should be conservative unless experience allows
otherwise.

5.2 Upon selecting the candidate drainage geocomposite product, one must obtain the 100-
hour duration flow rate according to the ASTM D4716 transmissivity test. This

GC8-3of 11 Rev. 1: 1/9/13



6.

53

54

5.5

establishes the base value to which drainage core creep beyond 100-hours and clogging
from chemicals and biological matter must be accounted for.

Note 3: It is recognized that the default duration listed in ASTM D4716 is
15-minutes. This guide purposely requires that the test conditions be
maintained for 100-hours.

Reduction Factor for Creep — This is a long-term (typically 10,000 hours) compressive
load test focused on the stability and/or deformation of the drainage core without the
covering geotextiles. Stress orientation can be perpendicular or at an angle to the test
specimen depending upon site-specific conditions.

Chemical and/or Biological Clogging — The issue of long term reduction factors to
account for clogging within the core space is a site-specific issue. The issue is
essentially impractical to simulate in the laboratory, hence a table is provided for
consideration by the designer.

Chemical Resistance/Durability — This procedure results in a “go-no go” decision as to
potential chemical reactions between the permeating liquid and the polymers
comprising the drainage core and geotextiles. The issue will be addressed in this guide
but is not a reduction factor, per se.

Determination of the Base Line Flow Rate (q;00)

6.1

Using the ASTM D4716 transmissivity test with the conditions stated below (unless
otherwise agreed upon by the parties involved), determine the 100-hour flow rate of the
drainage geocomposite under consideration.

6.1.1 The test specimen shall be the entire geocomposite. If geotextiles are bonded to
the drainage core, they shall not be removed and the entire geocomposite shall
be tested as a unit. A minimum of three replicate samples in the site-specific
orientation shall be tested and the results averaged for the reported value.

6.1.2 Specimen size shall be 300 x 300 mm (12 x 12 in.) within the stressed area.

6.1.3 The specimen orientation is to be agreed upon by the designer, testing
laboratory and manufacturer. In this regard, it should be recognized that the
specimen orientation during testing has to match the proposed installation
orientation. Thus the site-specific design governs both the testing orientation
and subsequent field installation orientation.

6.1.4 Specimen substratum shall be one of the following four options. The decision
of which is made by the project designer, testing organization and manufacturer.
The options are (i) rigid platen, (ii) foam, (iii) sand or (iv) site-specific soil or
other material.

6.1.4.1 If a rigid platen is used the choices are usually wood, plastic or metal.
The testing laboratory must identify the specifics of the material used.

6.1.4.2 1If closed cell foam is used, it shall be 12 mm (0.5 in.) thick and a
maximum durometer of 2.0 as measured in ASTM D2240, Type D.
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6.1.9

6.1.4.3 If sand is used it shall be Ottawa test sand at a relative density of 85%,
water content of 10% and compacted thickness of 25 mm (1.0 in.).

6.1.4.4 If site-specific soil or other material is used it must be carefully
considered and agreed upon between the parties involved. Size,
gradation, moisture content, density, etc., are all important
considerations.

Specimen superstratum shall also be one of the four same options as mentioned
in § 6.1.3 above. It need not be the same as the substratum.

The applied stress level is at the discretion of the designer, testing organization
and manufacturer. Unless stated otherwise, the orientation shall be normal to
the test specimen.

The duration of the loading shall be for 100 hours. A single site-specific data
point is obtained at that time, i.e., it is not necessary to perform intermediate
flow rate testing, unless otherwise specified by the various parties involved.

The hydraulic gradient at which the above data point is taken (or a range of
hydraulic gradients) is at the discretion of the designer, testing organization and
manufacturer.

The permeating liquid is to be tap water, unless agreed upon otherwise by the
designer, testing organization, and manufacturer.

6.1.10 Calculations

CERCTTRO

Q = kiA 3)
Q = ki(Wt)
Q/W =6i @)

q = 6i ®)

where

= flow rate per unit time (m’/sec)

= permeability (m/sec)

= hydraulic gradient (= H/L)

= head loss across specimen (m)

= length of specimen (m)

= cross sectional area of specimen (m?)
= width of specimen (m)

= thickness of specimen (m)

= transmissivity (m’/sec-m or m*/sec)
= flow rate per unit width (m?/sec)

The results can be presented as flow rate per unit width (Q/W), or as
transmissivity (0), as agreed upon by the parties involved.
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7. Reduction Factor for Creep

7.1 Using the GRI GS4 test method or ASTM D6364 (mod.) for time dependent (creep)
deformation, the candidate drainage core is placed under compressive stress and its
decrease in thickness (deformation) is monitored over time.

7.1.1

Note 4: This is not a flow rate test, although the test specimen can be
immersed in a liquid to be agreed upon by the designer, testing organization,
and manufacturer. However, it is usually a test conducted without liquid.

The test specimen shall be the drainage core only. If geotextiles are bonded to
the drainage core they should be carefully removed. Alternatively, a sample of
the drainage core can be obtained from the manufacturer before the geotextiles
are attached. A minimum of three replicate tests shall be performed and the
results averaged for the reported value.

Specimen size should be 150 x 150 mm (6.0 x 6.0 in.) and placed in a rigid box
made from a steel base and sides. The steel load plate above the test specimen
shall be used to transmit a constant stress over time. Deformation of the upper
plate is measured by at least two dial gauges and the results averaged
accordingly.

Note 5: For high stress conditions requiring a large size and number of
weights with respect to laboratory testing and safety, the specimen size can
be reduced to 100 x 100 mm (4.0 x 4.0 in.).

Specimen substratum and superstratum shall be rigid platens. Alternatively, a
1.5 mm (60 mil) thick HDPE geomembrane can be placed against the drainage
core with the steel plates as back-ups.

The test specimen shall be dry unless water or a simulated or site-specific
leachate is agreed upon by the parties involved.

The normal stress magnitude(s) shall be the same as applied in the
transmissivity test described in Section 6.0. Alternatively, it can be as agreed
upon by the designer, testing organization, and manufacturer.

The load inclination shall be normal to the test specimen. If there exists a
tendency for the core structure to deform laterally, separate tests at the agreed
upon load inclinations shall also be performed at the discretion of the parties
involved.

The dwell time shall be 10,000 hours. If, however, this is a confirmation test (or
if a substantial data base exists on similar products of the same type), the dwell
time can be reduced to 1000 hours. This decision must be made with agreement
between the designer, testing organization, and manufacturer.

Note 6: Alternative procedures to arrive at an acceptable value for the creep
reduction factor based on shorter test times (e.g., the use of time-
temperature superposition or stepped isothermal method) may be acceptable
if agreed upon by the various parties involved.
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7.1.8 The above process results in a set of creep curves similar to Figure 1(a). The
curves are to be interpreted as shown in Figure 1(b). The reduction factor for
creep of the core is interpreted according to the following formulas, after
Giroud, Zhao and Richardson (2000).

where

RFcr
toriginal =
tco
tcr =

Noriginal =

where

i)
p =

(tCO /toriginal)_ (1 - noriginal) ’

(tCR /toriginal)_ (1 - noriginal)

CR —

reduction factor for creep

original thickness (m)

thickness at 100-hours (m)

thickness at >>100-hours, e.g., at 10,000 hours (m)
original porosity (see Equation 7)

n 1-

original =
ptoriginal

mass per unit area (kg/m?)
density of the formulation (kg/m’)

(6)

(7

7.1.9 The above illustrated numeric procedure is not applicable to drainage
geocomposites which include geotextiles. It is for the drainage core only.

Example: A HDPE geonet has the following properties: mass per unit area p = 1216
g/m2 (or 1.216 kg/mz); density p =950 kg/m2 and original thickness of 8.55 mm.

Test specimens were evaluated according to ASTM D4716 for 100 hours and the
average thickness decreased to 7.14 mm. A 10,000 hour creep test was then performed
on a representative specimen according to GRI-GS4 and the resulting thickness further
decreased to 6.30 mm. Thus Ay in Figure 1(b) is 7.14 — 6.30 = 0.84 mm. Determine
the creep reduction factor “RFcr”.

Solution: The porosity n, is calculated according to Eq. (7) as follows

GC8-7of11
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N

Porginal = Ploriginal
B 1.216
T (950)(0.00855)
~1-0.150

N iginal = 0.850

The reduction factor for creep is calculated according to Eq. (6) as follows:

(tCO / toriginal)_ (1 - norigina‘)]3

(tCR / toriginal)_ (1 - noriginal)

RFCR = {

7.14/8.55)—(1-0.850)T
(6.30/8.55)—(1-0.850)

0.737-0.150

|
omei)
[

0. 685
0.587
RFCR = .

Note 7: Other calculation methods to arrive at the above numeric value of
creep reduction factor may be considered if agreed upon by the various
parties involved.

8. Reduction Factors for Core Clogging

There are two general types of core clogging that might occur over a long time period. They are
chemical clogging and biological clogging. Both are site-specific and both are essentially
impractical to simulate in the laboratory.

8.1

8.2

Chemical clogging within the drainage core space can occur with precipitates deposited
from high alkalinity soils, typically calcium and magnesium. Other precipitates can
also be envisioned such as fines from turbid liquids although this is less likely since the
turbid liquid must typically pass through a geotextile filter. It is obviously a site-
specific situation.

Biological clogging within the drainage core space can occur by the growth of
biological organisms or by roots growing through the overlying soil and extending
downward, through the geotextile filter, and into the drainage core. It is a site-specific
situation and depends on the local, or anticipated, vegetation, cover soil, hydrology, etc.
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8.3

Default tables for the above two potential clogging mechanisms (chemical and
biological) are very subjective and by necessity broad in their upper and lower limits.
The following table is offered as a guide.

Range of Clogging Reduction Factors (modified from Koerner, 1998)

Application Chemical Clogging Biological Clogging
(RFce) (RFge)
Sport fields 1.0to 1.2 I1.1to1.3
Capillary breaks 1.0to 1.2 1.1to 1.3
Roof and plaza decks 1.0to 1.2 1.1to 1.3
Retaining walls, seeping rock and soil slopes l.1to 1.5 1.0to 1.2
Drainage blankets 1.0to 1.2 1.0to 1.2
Landfill caps 1.0to 1.2 1.2t03.5
Landfill leak detection l1.1to 1.5 I.1to 1.3
Landfill leachate collection 1.5t02.0 1.1to 1.3

9. Polymer Degradation

9.1

9.2

93

9.4

9.5

Degradation of the materials from which the drainage geocomposite are made, with
respect to the site-specific liquid being transmitted, is a polymer issue. Most
geocomposite drainage cores are made from polyethylene, polypropylene, polyamide or
polystyrene. Most geotextile filter/separators covering the drainage cores are made
from polypropylene, polyester or polyethylene.

Note 8: It is completely inappropriate to strip the factory bonded geotextile off of
the drainage core and then test one or the other component. The properties of
both the geotextile and drainage core will be altered in the lamination process
from their original values.

If polymer degradation testing is recommended, the drainage core and the geotextile
should be tested separately in their as-received condition before lamination and
bonding.

The incubation of the drainage cores and/or geotextile coupons is to be done according
to the ASTM D5322 immersion procedure.

The testing of the incubated drainage cores is to be done according to ASTM D6388
which stipulates various test methods for evaluation of incubated geonets.

Note 9: For drainage cores other than geonets, e.g., columnar, cuspated, meshes,
etc., it may be necessary to conduct additional tests than appear in ASTM D6388.
These tests, and their procedures, should be discussed and agreed upon by the
project designer, testing organization, and manufacturer.

The testing of the incubated geotextiles is to be done according to ASTM D6389 which
stipulates various test methods for evaluation of incubated geotextiles.
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Note 10: The information obtained in testing the drainage core (Section 9.4) and
the geotextile (Section 9.5) result in a “go-no go” situation and not in a reduction
factor, per se. If an adverse chemical reaction is indicated, one must select a
different type of geocomposite material (drainage core and/or geotextile).

10. Summary

10.1

10.2

10.3

10.4

10.5

For a candidate drainage geocomposite, the 100-hour flow rate behavior under the site-
specific set of variables, e.g., specimen orientation, stress level, hydraulic gradient,
and permeating liquid is to be obtained per ASTM D4716 following procedures of
Section 6.0.

A reduction factor for long term creep of the drainage core following Section 7.0 per
GRI GS4 or ASTM D6364 (mod.) is then obtained. The result is usually a unique
value for a given set of conditions.

A reduction factor for chemical and/or biological clogging, as discussed in Section 8.0
can be included. It is very much a site-specific situation at the discretion of the parties
involved.

Polymer degradation to aggressive liquids is covered in separate immersion and test
protocols, e.g., ASTM D5322 (immersion), ASTM D6388 (geonets) and ASTM
D6389 (geotextiles) as discussed in Section 9.0. The procedure does not result in a
reduction factor, rather in a “go-no go” decision with the product under consideration.
Other possible flow rate reductions and/or concerns such as flow in overlap regions,
effect of high or low temperatures, etc., are site-specific and cannot readily be
generalized in a guide such as this.
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700 kPa (100 psi)

. 350 kPa (50 psi
Thickness a (50 psi)

Reduction

10 kPa (1.5 psi)

| | | | | |
0.01 0.1 1.0 10 100 1,000 10,000

Time (hours)

(a) Hypothetical data from creep testing illustrating effect of normal load magnitude

Thickness
Reduction

| | | | |
0.01 0.1 1.0 10 100 1,000 10,000

Time (hours)

(b) Interpretation of project specific normal load curve to obtain creep reduction factor

Figure 1 — Hypothetical example of creep test data and data interpretation to obtain
creep reduction factor
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Designer’s Forum

Landfill drainage layers: Part 3 of 4

Previous GFR articles have described the
methodology for designing a geocomposite
for use in a landfill leachate collection system
(LCS). (See Part 1 of this series—]Janu-
ary/February 2005 for a complete GFR bib-
liography of geocomposite-related articles
since 1998.) This article updates the maga-
zine’s series regarding this aspect of design-
ing with geocomposites by expanding the
documented design methodology to account
for the different stages of a landfill life during
operations and post-closure.

Also, the article will review the basic de-
sign equation for head buildup, which for
geocomposites is often referred to as the
“Giroud Equation.” It will be seen that a key
input parameter to this equation, which is
the leachate impingement rate, typically de-
creases over the landfill life. At the same
time, the reduction factors typically increase
over the landfill life due to aging, creep,
chemical precipitation and the like. These
two considerations tend to offset each other.
A logical design can take these factors into
account so that an overly conservative de-
sign does not result. The proposed design
concept is illustrated through the use of a de-
sign example.

Background on
“design” transmissivity

The calculation procedure for the design of
geocomposites used in leachate collection
systems can be performed using Giroud’s
method (Giroud et. al. 2000). The “design”
transmissivity (8jeq;gn)—also referred to in
the literature as “required” transmissivity (6.
quired)—of relatively low-thickness layers
such as with geonets and geocomposites can
be calculated as:

Equation 1
edesi = L.L
' sing

where 0jcgjo, = calculated design trans-
missivity for geocomposites (m’/s per m
width); g; = liquid impingement rate (m/s);
L = horizontal length of slope (m); and =
slope angle (degrees). Leachate impinge-
ment into the leachate collection layer is
buffered to lesser and greater degrees due
to the thickness of overlying waste and soil

material. A commonly used computer
model that is available for performing water
balance analyses is the HELP Model
(Schroeder, et al. 1994). Landfill leachate
collection system (LCS) impingement rates
depend on the operational stage of a land-
fill, which can be conveniently broken
down as follows: (i) initial operation stage;
(ii) active operation stage; and (iii) post-
closure stage. Early in the landfill opera-
tion, surface water control may not be well

b, ]
AN

By Richard Thiel, Dhani Narejo,
and Gregory N. Richardson

[t is possible to model the landfill
leachate generation in several opera-
tional stages (as few as three and as many
as six) with varying geometry, waste
thickness, cover slopes and cover mate-
rials. Separate HELP analyses can be per-
formed for each operational stage mod-
eled. An example of what a designer
might consider when modeling a land-
fill broken into four stages is presented

below ( Bachus, et. al 2004):

Photo 1. Author Richard Thiel holding 35 mm rounded gravel cemented
by leachate chemical precipitation.

established, and relatively thin layers of soil
and waste may allow for a relatively large
portion of the surface water to infiltrate into
the LCS. As filling progresses, the use of
protective soil and surface grading can re-
duce the amount of infiltration into the
waste; thus, decreasing the LCS flow rate. In
the post-closure period, the application of
the final cover system greatly reduces the
amount of infiltration into the waste, and
thus greatly reduces the amount of leachate
entering the LCS.

e Initial operation stage—Model leachate
flow into the LCS based on a “fluff” layer
of waste being placed in the landfill cell. A
typical waste thickness might be on the
order of 10 ft. The slope might be fairly
flat (~2%) with a 6 inch daily cover layer.
o Active operation stage —Model leachate
flow into the LCS based on the landfill at
a representative point in time in the land-
fill’s developmental phasing plan. The
waste thickness might be on the order of
half of the final thickness of the waste. The
slope might be fairly flat, with an in-
termediate cover.

o Active operation stage II—Model
leachate flow into the LCS based on the

landfill at final grades with an interme-

diate cover in place and fair vegetation.

o Post-closure stage—Model leachate flow
into the LCS based on the final closure

Pressure Creep Reduction Factor
kPa (psf) (RFcR)
48 (1000) 1.1
240 (5000) 1.2
478 (10,000) 1.3
718 (15,000) 1.6

conditions. The landfill will be at final

Table 1. Creep reduction factors (RFcR)
for one manufacturer’s biplanar geonet
product line (Narejo and Allen 2004).

grades with a permanent cover in place.
Often this condition is modeled in HELP

as simply the amount of infiltration

through the final cover system.



Allowable and
specified transmissivity

The next step in the design process is to de-

fine an allowable transmissivity (6,j,ou)»

L cell-floor A = 10m (32

which is related to the design transmissivity
(Ogesign)> by multiplying the design trans-
missivity by an overall factor of safety, FSp.

Equation 2

eallow = edesigr\ ° FSD

The overall drainage factor of safety should
be applied to take into account possible un-
certainties in the selection and determina-
tion of the design parameters. Recommended
values of FSp are typically between 2.0 and
3.0 or greater (Giroud, et al. 2000). For bot-
tom liner LCS systems, a lower FS would be
acceptable in the early stages of the project,
but a higher FS may be desirable for long-
term conditions. The authors will demon-
strate that taking into account the various
stages of landfill development and leachate
generation can work to the advantage of
many designs accounting for appropriate fac-
tors of safety.

Finally, the specified (also referred to as
maximum or ultimate in the literature) trans-
missivity (Ospec), which is the value that ap-
pears in the specifications, is obtained by
multiplying the allowable transmissivity by
appropriate reduction factors. These reduc-
tion factors take into account environmen-
tal factors such as biological clogging, chem-
ical clogging and long-term creep of the
geocomposite drainage layer that will de-
crease the in-place capacity of the geocom-

Vegetation (Typ)

Cell Sump L sideslope = 30 m (98 ft)

Grading Plan

Y\ﬂ cell-floor

L cell-floor B = 70m (229 1)

L cell-floor =
L cell-floor A * L cell-floor B

Geocomposite

7L

—Bsideslope

A L sidesfope
Sump

Cross-Section Along Sideslope

Geocomposite

}‘(—)‘

L cell-floor B

L cell-floor A

Cross-Section Along Cell-Floor

Figure 1. Simplified schematic of design geometry for example problem.

posite over time. The magnitude of each re-
duction factor (which should be equal to or
greater than 1) should reflect a correction
that provides a best estimate of the antici-
pated reduction. The reduction factors should
not be inflated to a larger value to account for
uncertainty, since this is accounted for in the

overall factor of safety, FS. The specified trans-

F Geocomposite Drainage Layer

. L 40 Mil Textured PE

Geomembrane

Figure 2. Design of final cover system.

missivity is shown in Equation 3 (see also,

test standard GRI-GCS8 [2001]):
Equation 3

0.

spec

Bilow*RECR*RFcc*REpc

where:

Bpec = specified value of transmissivity
for geocomposites or geonet (m?/s), as
tested in accordance with GRI-GC8 and
ASTM D4716;

0,jjow = minimum allowable transmissivity
of geocomposites or geonet (m?/s);

RFR = partial reduction factor for long-term
creep (dimensionless);

RF( = partial reduction factor for chemical
clogging (dimensionless); and

RFp = partial reduction factor for biologi-
cal clogging (dimensionless).

Additional reduction factors, such as for
particulate clogging, can be incorporated by
the designer if deemed applicable to a given
situation. The specified transmissivity (6,.)
in Equation 3 should be compared with the

2
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2 Protective Soil Layer
(k>1x 10" cm/s)

Compacted Clay Layer
(k<1x107 cm/s)

Subgrade

Double-Sided Geocomposite
Drainage Layer (Typ)

60 Mil Textured HDPE
Geomembrane (Typ)

Figure 3. Design of bottom liner system.

100-hour transmissivity value obtained
from a laboratory test. The 100-hour trans-
missivity test value should be equal to or
higher than the specified value of ... A
description of typical values of reduction
factors for bottom liner LCSs is given in the
following paragraphs.

Chemical clogging reduction factor, RFq

The designer should evaluate the soils she
anticipates using in the protective layer of
the liner system and the materials anticipated
in the overlying waste, in order to judge the
risk of chemical clogging. GRI-GC8 recom-
mends using values in the range of 1.5 to
2.0 for chemical clogging in the leachate
collection system. A greater reduction factor
might be appropriate for “bioreactor” landfills
based on observations of significant leachate
collection gravel clogging (Figure 1). The
design example presented in this paper il-
lustrates how a properly designed system can
accommodate such a large reduction.

Biological clogging reduction factor, RFp

The biological clogging reduction factor
accounts for the reduction of flow in the
geonet due to the growth of biological organ-
isms such as fungi or algae, or root penetra-
tion through the overlying soil. GRI-GC8
recommends using values in the range of 1.1
to 1.3 for biological clogging in the leachate
collection system. In the authors’ experience,
and as suggested in other field literature (e.g.,
Rowe et al. 1997), the reduction factor for
biological clogging in leachate collection
systems can either be maintained fairly low
or be lumped in with the reduction factor for
chemical precipitation.

Creep reduction factors, REcg

Performance transmissivity tests are typi-
cally conducted for up to 100 hours, as re-
quired by GRI test procedure GC8. The
decrease in transmissivity with time asymp-
totically approaches a stable value within 100
hours, and usually much sooner than that,
indicating that much of the initial compres-
sion (and geotextile intrusion) has already
taken place. The reduction factor for creep,

RF (R, accounts for the decrease in transmis-
sivity beyond the first 100 hours experienced
in the transmissivity test. The quality of the
geonet core, including its structure, thick-
ness, mass and density can have a significant
influence on creep reduction factors. Table
1 presents creep reduction factors for one
manufacturer’s biplanar geonet. Products
from other manufacturers can have creep
factors different from those given here.

Creep reduction factors should be selected
on the basis of the expected normal stress in
the LCS if one is to follow the staged design
concept presented in this paper. A much
lower creep reduction factor should be used
at the initial stage of landfill operation as
overlying waste thickness is small. A conser-
vative value of creep reduction factors may
be 2 for the final (closure) stage of landfill
liner systems with overburden stresses up to
15,000 pounds per square foot (psf).

LCS geocomposite

design example

The purpose of this design example is to
demonstrate how the different stages of a
landfill life can be taken into account when
designing a geocomposite for a leachate col-
lection system. The particular case of a “bio-
reactor” landfill, which is especially aggres-
sive on drainage systems, is used. The design
process involves the following steps:

Step 1. Choose appropriate values for site
specific design parameters (geometry and
soil properties).

Step 2. Establish design input flow rate
(i.e., impingement rate, g;) for each stage of
landfill life.

Step 3. Solve for the needed design trans-
missivity, Gdesign, at different stages of the

Stage Description Peak LCS in-flow—g;
[ Initial operation—10 ft. (3 m) waste 0.571 in./day = 1.68 x 1075 cm/s
II Active operation—380 ft. (24 m) waste 0.064 in./day = 1.88 x 1076 cm/s
11 Intermediate cover—140 ft. (43 m) waste 0.030 in./day = 8.80 x 1077 cm/s
vV Post closure—140 ft. (43 m) waste 1.09 x 1075 in./day = 3.20 x 10710 cm/s
Table 2. HELP analysis results for LCS design example.




landfill life.

Step 4. Establish a specified transmissivity,
B;pee for each of the stages by selecting an
appropriate global factor of safety and ap-
propriate reduction factors. For this design
example, several specified transmissivities
would be calculated, one for each stage of the
landfill life. The maximum required trans-
missivity would be specified in the contract
documents.

Step 5. Develop specifications describ-
ing laboratory testing conditions and
acceptance criteria.

Step 1—Establish input parameters

Several of the input parameters are
derived from the geometry of the design. For
this example, Figure 1 shows a simplified
design that will be used in selecting these
geometric input parameters. Figure 2 shows
the schematic cross section of the liner and
leachate collection system.

The inputs used in this example are pre-
sented below:
e Slope of cell floor = 4.5% = 2.57 degrees
¢ Drainage length on cell floor = 262 ft.
(229 ft. + 33 ft. [7T0 m + 10 m])
e Side slope angle = 18.43 degrees (AS side-
slope = 0.333)
e Drainage length on sideslope = 98 ft. (30
m)
e Unit weight of waste = 75 pcf (11.8 kN/
m3 ) (typically ranges from 60 to 90 pcf)
® Thickness of waste = varies depending on
operating stage

Cover soil properties (daily cover, interim
cover, final cover):

Daily cover
e Permeability of daily cover = 5 x 1073 cm/
s (based on type of soil used for
interim cover)
0.5 ft.
(15 ecm) (based on anticipated/required
operating procedures)

e Thickness of daily cover =

Interim cover
e Permeability of interim cover = 1 x 107
cm/s (based on type of soil used for interim
cover)
e Thickness of interim cover = 1 ft.
(30 ecm) (based on anticipated/required
operating procedures)

Step 2—FEstablish design impingement rates

Designer’s Forum

Select the impingement rates, g, to in-
clude in the various stages of operational life
and for the final cover design. It is recom-
mended that the designer model the im-
pingement rate for key stages in the operat-
ing life of the landfill. The number of key
stages will vary depending on site-specific
landfill conditions such as: (i) interim staging
and sequencing; (ii) runoff/frun-on control
practices; (iii) use of daily, interim and final
cover materials; and (iv) thickness of waste
and other overlying materials. For most sites
it will likely take 3-6 stages to adequately
define the operation stages.

For the leachate collector design example,
it will be assumed that four stages will pro-
vide an adequate modeling of the landfill
life. The results for the impingement rate
for various operational stages for the design
example have been obtained using HELP
and are shown for each stage in Table 2. A
more reliable indicator of stage impingement
rates can generally be obtained from past
operational records of the landfill itself or
neighboring facilities. With over a decade
of national lined landfill experience on file
with most state regulators, good regional
data on leachate generation rates is readily
available.

Step 3—Solve for design transmissivity

Solve for B4esign for cell floor and side
slope for each Stage (I-IV). For this example,
the results of the B4esign solution are:

Stage A (cell-floor)
edesign =
1.68 x 107 m/sec x 30 m _ SR
18435 =1.59 x 1075 m?/sec
Stage IB (side slope)
edesign =
1.68 x 19’7 m/sec x 80 m _ 2.99 x 1074 m?fsec
sin2.577°

Results of similar calculations for other
cases are summarized in Table 3.

Step 4—Establish specified transmissivity values

The specified transmissivity, Oy, is in-
creased above the design transmissivity to
account for uncertainties (in the form of an
overall factor of safety) and the long-term
reduction of the transmissivity of the geo-
composite due to anticipated environmental

factors (in the form of reduction factors).

e FSp = The global factor of safety is
a somewhat arbitrary value selected by
the designer based on the level of uncer-
tainty and relative risk associated with fail-
ure. Typical values suggested for design with
geocomposites range from 2.0 to 3.0 (Narejo
and Richardson 2003). Given the higher
levels of uncertainty associated with long-
term performance of bioreactor systems, and
the relative importance of having leachate
collection systems that operate well into the
future, somewhat higher factors of safety may
be warranted for the different life stages. For
this design example we have chosen values
of FSp =2.0,3.0, 4.0 and 5.0 for Stages I-1V,
respectively, as shown in Table 3. These val-
ues reflect advancing degrees of uncertainty
as time goes forward.

® RFc = The suggested range for the re-
duction factor for chemical clogging from
GRI-GCS is from 1.5 to 2.0 for most leach-
ate collection systems based on the chemical
makeup of leachate and the length of time
exposure. While these values might be typical
for “standard average” landfill conditions, a
more rigorous and expansive interpretation
might be appropriate over the lifetime of a
“bioreactor” landfill. For a very short expo-
sure time, as in Stage I, a low value would
be appropriate. As exposure time increases,
the recommended reduction factor would
be increased. We have chosen values of 1.2,
1.5, 2.0, and 4.0 for Stages I-IV, respectively,
as shown on Table 3. This suggests that up to
half of the flow capacity could be lost due to
biological clogging during the active life of
the cell, and 75% of the flow capacity could
be lost to chemical precipitation during the
long-term post-closure period.

® RFp = The suggested range for the reduc-
tion factor for biological clogging from GRI-
GC8iis from 1.1 to 1.3 for leachate collection
systems. We believe this range is appropriate
even for bioreactor landfills because the most
serious clogging condition is probably from
chemical precipitation rather than a biologi-
cal mechanism.

® RF-g = The creep reduction factor var-
ies with stress and is product-specific. For
this design example, Table I provides data
for a particular bi-planar product from one
manufacturer.

Based on the selected reduction factors
and global factors of safety, the specified
transmissivities, espec, can be calculated
as follows:
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Case | Description q; 0 design Gloo RFc. | Ry | FSq | RF | O 6100 Ratio | Acceptable
(cm/sec) | (m2/sec) (psf) (m2/ (m2/ |¢ 100/6re q
sec) sec)
1A Initial L68E-05 | 2.99E-04 750 psf 12 | 11 | 20| 110 | 87E-04 | 9.0E-04 1.0 Yes
Operation
Initial L6BE-05 | 1.59E-05 | 750 psf 46E05 | 5.0E-04
1B Operation g . p 1.2 1.1 2.0 | 1.10 Ok~ Uk 11 Yes
Active
HA | Operaion | LSSEQ00 | 33405 | 6000psf | 15 | 12 | 30 | 125 | 22E04 | 40E04 18 Yes
1IB Active 1.88E-06 1.78E-06 6,000 psf 1.5 1.2 30 | 125 | 1.2E-05 3.0E-04 25 Yes
Operation
ma | emedine | ss0E07 | 15605 | 10000pf | 20 | 13 | 40 | 130 | 21E04 | 20804 | 005 No
1B Intecr:mediate 8.80E-07 8.35E-07 10,000 psf 2.0 1.3 40 | 1.30 1.1E-05 1.5E-04 13 Yes
over
IVA | Post-Closure | 3-20E-10 | 5.69E-09 10,500 psf 4.0 13 | 50| 140 | 2.1E-07 | 2.0E-04 966 Yes
IVB | Post-Closure | 3-20E-10 | 3.04E-10 10,500 psf 4.0 13 | 50| 140 | LI1E-08 | 15E-04 13,565 Yes
Table 3. Results of calculations for the design example.
in testing should be equal to the maximum
Stage 1A (floor) applied stress anticipated in field condi- Stages A (cell floor)
Ospec = tions. Slope angle = 2.57 deg.
299x104m2fse2e12e1.1e1.1 For the design example: —> Gradient = 0.045
=8.6x 104 m2/s
0100 = twaste ® Ywaste Stages B (cell side slope)
Stage IB (side slope) Slope angle = 18.43 deg. _
Ospec = Stage I: 6109 = 10 ft. 75 pef —> Gradient = 0.32
1.59x105m2fse2e1.2e1.101.1 =750 psf (36 kPa)
=4.6x 1075 m2/s (iii) Boundary conditions—The term

Results of similar computations for all stages
of the design case are shown in Table 3.

Step 5—Specification development

The specifications should clearly
define the conditions of the laboratory
testing and the criteria that define the
product’s acceptability.

The required laboratory testing condi-
tions include: (i) applied stress; (ii) hydraulic
gradient; (iii) boundary conditions; and (iv)
seating time.

(i) Applied stress—The applied stress used

Stage 11: 6100 = 80 ft. 75 pcf
= 6000 psf (287 kPa)

Stages Il and IV: 61qp = 140 ft. « 75 pef
= 10,500 psf (503 kPa)

(ii) Hydraulic gradient—The hydraulic
gradient is equal to the sine of the slope angle
in units of length/length.

For the design example:

“boundary conditions” refers to the
makeup of the overlying and underlying
materials during testing of the geocom-
posite. The testing procedure should fol-
low the guidelines of GRI-GC8, which
requires that the boundary conditions
mimic field conditions. This means that
site-specific materials shall be used wher-
ever possible. This example assumes that
the on-site soil anticipated to be used as
protective soil between the waste and
the geocomposite will be used above
the geocomposite, and that a textured
geomembrane will be used below the



geocomposite. Both materials to be used
in testing should be provided to the labo-
ratory by the engineer or contractor.

(iv) Seating time—Seating time af-
fects the amount of creep and intru-
sion that the geocomposite undergoes
prior to transmissivity testing, which in
turn affects the measured transmissivity
of the product. The laboratory testing
should follow the guidelines of GRI-
GC8, which requires a seating time of at
least 100 hours for testing the transmis-
sivity of the geocomposite. A greater
seating time is acceptable; however, this
may incur greater testing expense and
is usually not necessary. As required by
GRI-GCS8, a seating time of 100 hours is
used in this design example.

An acceptable product should possess
a creep reduction factor lower than that
used in the design, and a 100-hour trans-
missivity value higher than the specified
value (8y,.) for each of the design stages
as presented in Table 3.

Discussion of results,
conclusions

This third part to the Designer’s Forum se-
ries demonstrates how the different stages
of a landfill life can be taken into account
when designing for a leachate collection
system with geocomposites. Table 3 sum-
marizes the results for the design example.
The following observations can be drawn
from this exercise:

e For this design example, the critical
stages in the design of the geocomposite
appear to occur right at the beginning of
cell operations, and towards the end of the
active cell life. This is probably a typical
situation for many landfills.

e [f the most conservative parameters had
been used for the reduction factors for all
stages, even with a modest factor of safety
of only 2.0, the selected geocomposite
would have failed the criteria by a very
large margin.

e The condition on the floor is typically
more critical than on the side slope. This
is because the smaller gradient on the floor
requires more head build-up to pass a cer-
tain amount of flow.

e Table 3 indicates that the sample prod-
uct that was tested for this design passes

all the criteria, except for the condition
of Stage III of the landfill life on the
floor. It only fails that stage just barely,
however, and the designer could either
re-visit the arbitrary factor of safety for
that design stage (a FSpy value of 4.0
is fairly high, whereas a value of 3.8
would result in a passing criteria), or
could require a thicker or more robust
geocomposite product that has a higher
transmissivity.

The most significant conclusion dem-
onstrated by this exercise is that the use of
unique reduction factors, and a unique fac-
tor of safety, for each stage of a landfill’s life
can reduce the conservatism inherent in a
single calculation. This design approach al-
lows the critical points in a landfill’s life to
be identified with regard to performance of
the geocomposite, and focused laboratory
testing can be performed to address those
critical conditions.
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