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ABSTRACT

The Florida Department of Transportation (FDOT) retained Simpson Gumpertz & Heger Inc and
Drexel University to develop testing and analysis protocols that can assess pipe properties and
design procedures to ensure 100-year service life of HDPE corrugated pipes. The report
consists of two parts; Part | presents the results of Simpson Gumpertz & Heger Inc. (SGH)
study on pipe stress and construction protocol while Part Il presents the results of Drexel

University study on long term properties of the respective pipes.

Part | of the project utilized a finite element model to analyze buried corrugated HDPE pipe
under earth loads with several compaction conditions, depths of fill, and variable support under
the pipe haunches. It indicated that long-term service tensile strain in the pipe should be less
than 1.6%, corresponding to a long-term stress of approximately 320 psi. This is significantly
reduced from the current AASHTO requirement of 5% long-term service tensile strain capacity.
Studies on three-dimensional analysis of longitudinal strains in corrugated profiles indicate that
the same minimum tensile stress capacity should also apply to longitudinal stresses. Applying a
factor of safety of 1.5 to the service level stress requires that the minimum 100 year tensile

strength of the pipe should be equal, or less than, 2.5% strain, or about 500 psi.

To provide good performance the required controls on construction procedures backfill materials
should be limited to well-graded, coarse-grained soils (sands and gravels) with less than 12%
fines. Uniform coarse-grained soils provide good performance but need to be checked for the
likelihood of migration of fines into open voids. Uniform fine sands should be avoided. Coarse-
grained soils with fines or fine grained soils with at least 30% coarse grained material provide
good performance if placed and compacted properly, but increased inspection during
construction is recommended. Backfill should be compacted to at least 95% of maximum

standard Proctor density for applications in roadways.

The most important aspect of construction control requires inspection of buried corrugated PE
after installation. Total reduction in vertical diameter should be measured and limited to 5%.
On large projects, deflections should be evaluated after a small portion of the project has been

completed to determine if the construction procedures are adequate.

viii
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Minimum cover for applications subjected to live loads should be 2 ft or one-half diameter,

whichever is greater.

Part 1l of the project focused on four material properties. They were stress crack resistance
(SCR), oxidation resistance (OR), long-term tensile strength, and flexural modulus. The
evaluation targeted the finished pipe properties so that effects of the manufacturing processes

and pipe profile designs were included.

For SCR properties, the effects of manufacturing processing were observed in pipe liner tests.
Also, pipe junctions and vent holes were found to be susceptible to stress cracking, but the
sensitivity varied with the pipe design. The long-term performance test to assess SCR of the
pipe was evaluated using junction specimens in a water environment. Elevated temperatures
were utilized to accelerate the crack growth rate so that the SCR properties at a site
temperature of 23°C could be predicted. Two predicting methods, the Popelar Shift Method
(PSM) and the Rate Processing Method (RPM), were examined for their applicability. Results
from both notched liner and junction tests indicated that RPM is a more reliable method to
predict the SCR behavior from elevated temperatures to low site temperature. Two test
methods (FM 5-572 and FM 5-573) were developed for the SCR tests and to predict long-term

crack resistance.

The oxidation resistance of the corrugated HDPE pipes was evaluated based on both
antioxidant depletion and degradation of polyethylene. The antioxidant content and depletion
rate in the pipes were assessed using oxidative induction time (OIT) test after water incubation.
A minimum OIT value for new unaged corrugated HDPE pipes was established to be 25
minutes. In addition, the maximum antioxidant depletion rate was determined by water
immersion at 85°C for a duration of 187 days. The OIT retained value of the 187-day incubated
specimen shall be at least 3 minutes. The step-by-step test procedure to predict lifetime of

antioxidants and corrugated pipes was developed in the test method designated FM5-574.

The long-term design parameters (tensile strength and flexural modulus) are predicted using the
Time-Temperature Superposition (TTS) method. A tensile creep rupture test was utilized to
determine the 100-year tensile strength of the corrugated pipe, while a stress relaxation test on

the finished pipe was used for the 100-year flexural modulus. Three new test methods, FM5-
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575, FM5-576 and FM5-577, were developed to describe the test procedures for the

determining 100-year tensile strength and modulus values.

As a result of the study, an interim specification was developed to be implemented for HDPE
corrugated pipes. It includes requirements for stress cracking resistance and oxidation
resistance. Also a full specification was recommended in which the long-term tensile strength

and modulus are included.
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Preamble

PART | - Evaluation and Control of Stresses in Buried Corrugated HDPE
Drain Pipes
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1. INTRODUCTION

As the cost of highway construction increases, transportation engineers are increasingly looking
to extend the design life of highways and bridges to provide longer service without
reconstruction. The AASHTO LRFD Bridge Design Specifications (AASHTO LRFD, 1998) state
that the design life of bridges should be 75 years. This code also governs the design of
culverts. The Florida Department of Transportation (FDOT) requires design of structures for a
100 year service life, raising questions about the performance of thermoplastic pipes, which
currently have 50 year properties listed in AASHTO LRFD. The questions pertain to the
determination of long-term performance of thermoplastics, which have time dependent
properties, and to the strain demand on the pipes, which is also time dependent. Of particular
interest to FDOT is corrugated HDPE pipe. This report addresses the stress and strain demand
on corrugated HDPE and on construction materials and procedures that can be used to reduce

the demand.

2. ESTIMATES OF FIELD STRESS LEVELS
2.1 Considerations in Determining Stress Levels

Determining the stress level in buried pipes can be accomplished through several techniques,
with varying degrees of sophistication. It has been our experience that the field control
exercised during installation of buried pipes is minimal and the variability is high. Simplified
design procedures are normally applied with conservative assumptions, producing designs that
are adequate for typical applications. More sophisticated procedures, such as finite element
analysis (FEA) are normally used only for research, large culvert sizes, or special applications
where the cost of the more detailed analysis is justified through economy of fabrication or
installation that can be achieved using less conservative (hence more accurate) design
assumptions, and where the cost of field inspection to insure that the design assumptions are

met, can be justified.

This section examines, and modifies as necessary, the simplified design procedures used by
AASHTO for calculation of stress levels in buried pipe, and compares those results with
predictions of FEA models. The results of these two methods are used to determine stress

levels that are likely to occur in buried pipe when in service for 100 years.
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This analysis is undertaken to determine the maximum tensile stress that may occur in a pipe in
service for a period of 100 years. The total stress in a pipe is a combination of the bending
stress that results from changes in the shape of the pipe (most commonly represented by
vertical deflection), and the hoop compression stress that results from external soil loads. Total

stress is most often represented as:

c = P/AxMc/l Eqg. 1.1
where:

= stress in pipe wall, psi

= hoop thrust in pipe wall, Ib/in.

cross-sectional area of pipe wall, in.?/in.

= moment in pipe wall, in.-Ib/in.

= distance from centroidal axis to extreme fiber of pipe wall, in
= moment of inertia of pipe wall, in*/in.

— o Z2>» Ta
I

In buried pipe, the hoop thrust stress is always compression. Bending produces tension
stresses on one surface and compression stresses on the other. To estimate the maximum
tension stress in the pipe wall, the hoop thrust stress (P/A) is combined with the maximum
tension stress produced by bending (Mc/l). It is important to recognize that:

e since tension is produced only by pipe deflection, it is important to control pipe deflection
during installation,

o if the hoop thrust stress is large relative to bending, there may be no tension in the pipe, and

¢ the highest tension stress will occur in a shallow buried pipe (low thrust) with high deflection
(high bending).

2.2 Finite Element Modeling

Finite element modeling was undertaken using the computer program CANDE. This program
was developed by the US Federal Highway Administration specifically for analysis of buried
pipes. The program is publicly available. The specific version of CANDE used was
CANDECad. This version uses the CANDE program for calculations, but adds an Autocad

based pre- and post-processor, which facilitates the modeling process.
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2.2.1 FE Model

The finite element mesh used in the analysis is presented in Fig. 1.1. Figs. 1.2 and 1.3 show
the soil zones and the construction increments used in the analysis, respectively. All analysis
was completed using an embankment installation, since this generally produces more load and

deflection than a trench installation.

Soil properties were those developed by Selig (1988). These properties use the hyperbolic
Young's modulus developed by Duncan et al. (1980) and the hyperbolic bulk modulus
developed by Selig (1988). There are three general groups of placed backfill soils in this set of
properties, which are defined in AASHTO LRFD (1998) Table 12.12.2.4-2. These groups are
coarse-grained soils with little or no fines (Sn), coarse-grained soils with fines or sandy or
gravelly fine-grained soils (Si) and fine-grained soils (Cl). General assumptions for soils used in

the analyses were:

native soil under the pipe was considered to be a firm fine-grained material,

a small area (Zone 5, called the "void") which is difficult to compact in the field was
always considered to be filled with a very soft material (silty material at 50% of standard

Proctor density, called Si50),

e a larger area under the pipe (Zone 6, called the "haunch zone") is considered filled with
backfill soil if the pipe model is assumed to be haunched, and is filled with Si50 material

if the model is assumed to have poor haunching,

o four conditions of structural backfill (Zone 3) were used; most analyses were completed
with a coarse-grained material compacted to 90% of standard Proctor density (Sn90), a
silty material compacted to 90% of standard Proctor density (Si90), and a silty material
compacted to 85% of standard Proctor density (Si85); some analyses were also
conducted with Si80 backfill; Zones 2 and 7 were modeled as structural backfill since the

installations were modeled as embankment conditions, and

¢ the pipe bedding (Zone 4) was modeled as Si90 for all installations.
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Fig. 1.1 — Finite element mesh
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Fig. 1.2 — Soil zones
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10 ft
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R ———

Fig. 1.3 — Construction increments
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The model assumes that the pipe-soil interface was a no-slip (bonded) condition. This results in
higher estimates of thrust at the springline and lower estimates of thrust at the crown than the
full-slip (frictionless) condition. The AASHTO procedures for thrust design (AASHTO LRFD) are
based on a mix of the no-slip and full-slip conditions (McGrath, 1999). For this study, the focus
is on an estimate of the minimum hoop compression stress, thus, as noted in Section 2.3, the

simplified thrust computed by AASHTO procedures should be reduced.

The coarse-grained material represents a high quality backfill with a relatively high soil modulus
that can be achieved with little compactive effort. Densities of coarse-grained materials are
often as high as 85% of maximum standard Proctor when dumped without compaction. The
silty materials represent soils that can achieve good stiffness if compacted, but require more site
control of moisture content and compactive effort. Silty soils have low stiffness if left in a
dumped condition. No clay soils were considered, since these materials have marginal stiffness

when compacted and require considerable controls during installation.

Analyses were completed for depths of fill from 2 ft to 21 ft.

2.2.2 Pipe Model

Most FE modeling was completed assuming a 42 in. diameter pipe. The section properties

used in the analysis are presented in Table 1.1.

Table 1.1 — 42-in. Diameter PE Pipe Properties

Property Value
Inside Diameter 42 in.
Profile Height 2.931in.
Depth from outside 1.91in
surface to centroid ) '
Area 0.41 in.%/in.
Moment of Inertia 0.45 in. 2/t

The profile considered has the centroid eccentric from the mid-height of the profile. This
produces relatively high bending strains when the pipe deflects. This condition is typical of

many corrugated PE profiles available today; however, some profiles are now available with the
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centroid located near the mid-height of the profile and producing lower bending strains for the

same deflection. The analysis results are generally applicable to all corrugated HDPE pipes.

All analyses were completed using an estimated long-term modulus of 20,000 psi, which results
in good predictions of long-term thrust forces. This approach results in lower pipe stiffness
during placement of backfill, but previous research, and elastic theory have demonstrated that

the affect on deflection and bending is not significant.

2.3 Simplified Design Procedures

2.3.1 AASHTO Design Procedures (AASHTO LRFD Section 12.12.3.4)

Simplified analysis procedures presented here are based on the AASHTO design method for
thermoplastic pipe (AASHTO, 1998) with some modifications. The AASHTO design procedure
was developed to predict the maximum hoop compression in the pipe wall for the purpose of
obtaining a conservative design for general and local buckling. Modifications are required to the

thrust effects to predict maximum likely tension stress.

2.3.1.1 Hoop Thrust Compression Strain

Hoop thrust compression strain is computed as:

er = 0.5W, VAF/EA Eq. 1.2
where:

er = hoop compression strain

Ws, = soil prism load, Ib/in

= v¥sDo (H+0.11 D,)
VAF = vertical arching factor to account for pipe-soil interaction
= 0.76-0.71 (Sy -1.17)/ (Sy + 2.92)

Sy = hoop stiffness factor
= ¢sMsR/EA
D, = pipe outside diameter, in.
H = depth of fill over pipe, in.
¥s = soil unit weight, Ib/in.?
¢s = resistance factor to account for reduced soil stiffness, taken as 0.9

Ms = constrained soil modulus, psi, (See AASHTO LRFD, Table 12.12.2.4-1)



Draft Final Report

R = radius to centroid of pipe wall, in.
E = modulus of elasticity of pipe material, psi, taken as 20,000 psi for long-term
A = areaof pipe wall, in.%in.

Two modifications were used to estimate the minimum compression stress around the pipe wall:
¢ to account for variation around the circumference, all thrusts were multiplied by a factor

of 0.4 (see Section 2.4 Results for the basis of this)

e to account for local buckling, reduction of wall area was calculated once and not
updated. The effective area varied from 0.95% of the total area at a depth of 2 ft, to 80%
of the total area at a depth of 20 ft (AASHTO LRFD 12.12.3.5.3).

For shallow installations, there is some debate whether soil arching, as predicted for deep
installations, will occur for shallow installations. Since the need is to predict the minimal

possible thrust, arching is considered as it reduces the load on the pipe.

2.3.1.2 Bending Strain (AASHTO LRFD 12.12.3.5.4b)

Bending strain was approximated using the AASHTO equation:

eg = Ds(Au/D) (c/R) Eq. 1.3
where:

eg = bending strain in pipe wall

Df = shape factor to account for distortion during installation, taken as 4.0

Ap/D = pipe deflection due to bending, expressed as a ratio to the pipe diameter to
the centroid of the pipe wall

c = distance from centroid of pipe wall to extreme fiber of pipe wall, in., (use ci
Or Cout @s appropriate to calculate tension stress)
R = radius to centroid of pipe wall, in.

Total deflection, expressed as a ratio of the change in vertical diameter to the inside diameter, is

the sum of the hoop compression strain and the vertical bending deflection:

AID= A,/D+ et Eqg. 1.4

Since field control is based on total deflection, the approach taken in computing bending strain

was to:
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e select a target deflection at a given depth of fill,

e compute expected hoop thrust strain at that depth,

o compute bending deflection by subtracting the hoop thrust strain from the target
deflection, and

e compute the bending strain based on the bending deflection.

The calculations presented in the subsequent sections are all based on total deflection, which is

the sum of the hoop thrust strain and the bending strain due to deflection.

A sample calculation is presented in Appendix A.

2.4 Results

2.4.1 Effect of Backfill Material and Haunch Support

For the three backfill materials, Figs. 1.4 and 1.5 show the finite element predictions for
deflection and hoop thrust versus depth of fill. This demonstrates the significant loss of stiffness
as the backfill has more fines (i.e. silty, Si, versus coarse-grained soil, Sn), and/or less
compaction. The thrust in the Si85 soil is almost twice that of the pipe in Sn90 soil and the
deflection in the pipe in Si85 soil is more than twice that of the pipe in Sn90 soil. The pipe in

Si90 soil shows intermediate results.

10
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Pipe Vertical Deflection

8.00
7.00
6.00 -
5.00 —e—Si85

4.00 A /./-/. —=—Si90
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1.00 ﬁ%ﬁ:/j:rﬁ/‘/

0.00 T T T T
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Depth of fill, ft

% Deflection

Fig. 1.4 — Deflection versus depth of fill, soil type and compaction

Thrust in Pipe Wall at Springline
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Fig. 1.5 — Thrust in pipe wall versus depth of fill, soil type and compaction
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Fig. 1.6 shows the maximum tension bending strains at 3% deflection for pipe in different

backfills and with and without haunching support. The figure demonstrates:

at a given deflection the bending strains are quite similar regardless of the type of

backfill if the support conditions are the same.
haunch support substantially reduces the peak bending strains,
haunch support only affects bending strain in the invert region, and

the depths at which 3% deflection occurs varies widely, from 6 ft for a Si80- backfill to 21
ft for a Sn90 backfill.

Maximum (tension) Bending Strain at 3% Deflection

——SiB0 6 ft 3.16%

X .

o —=——Si90 12 ft 2.90%

.% —A—Sn90 21 ft 3.11%

= = = =Si858ft hnch2.74%

« — — Si90 12 ft, hch 2.67%
— - =Sn90 21 ft, hnch 2.89%

_25 N |
0 30 60 90 120 150 180
Location - deg. from Crown
Fig. 1.6 — Comparison of haunched and unhaunched bending strains
2.4.2 Hoop Compression Strain

Fig. 1.7 shows the hoop compression strain for the three backfill conditions at 3% deflection. In

this section, and subsequent sections, the deflection considered is the total deflection, that is,

the sum of deflection due to bending and hoop compression. Fig. 1.8 makes the same
comparison for the Si90 and Si85 backfill at 5% deflection (the Sn90 backfill condition did not

reach 5% deflection at a depth of 21 ft. The figures show a variation in the axial strain around

the circumference, high at the springline and low at the crown.

12
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The figures also show that the simplified method, with the modifications noted above, gives a

reasonable estimate of the minimum hoop stress around the circumference.

1.5
1.0 i —=— Si85 8 ft, hnch 2.74%
05 r — —e— —Si90 12 ft, hnch 2.67%
L o0 | — - & - —Sn90 21 ft, hnch 2.89%
- - - - -Simp. 8 t, Si85
E _05 Imp [
© y — — Simp. 12 ft, Si90
= -1.0
n " — = =Simp. 21 ft, Sn90
-1.5
I M, i
20 F——Mag ettt
Bt Apakhhy, sk
_2.5 |- I I [ I I I I I [ |-
0 30 60 90 120 150 180
Location - deg. from Crown
Fig. 1.7 — Axial strain at 3% deflection
20
1.0 |
00 |
N i — = Si85 15 ft, hnch 5.1%
= ——Si90 21 ft, hnch 4.7%
g = = =Simp. 15 ft, Si85
= = Simp. 21 ft, Si90

0 30 60 90 120 150 180

Location - deg. from Crown

Fig. 1.8 — Axial strain at 5% deflection
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2.4.3 Bending Strain

Figs. 1.9 and 1.10 show the bending strain for the haunched pipes at 3% and 5% deflection
respectively. The figure shows that the simplified design procedures provide reasonable

estimates of the maximum bending strains.

1.5
10 © —=—Si85 8 ft, hnch 2.74%
05 ——Si90 12 ft, hch 2.67%
X 0.0 r —&—5n90 21 ft, hnch 2.89%
c 0'5 - - - - -Simp. 8 ft, Si85 3%
©T Y| — — Simp. 12 ft, Si90 3%
S L
a -1.0 i — - =Simp. 21 ft, Sn90 3%
15 ¢
20 |
_2.5 T T T S T Y B
0 30 60 90 120 150 180
Location - deg. from Crown
Fig. 1.9 — Bending strain at 3% deflection
2.0
10 ™ ™ ™ e ™ s "l
e
0.0
X
= -1.0 —a—Si85 15 ft, hnch 5.1%
B 0 ———Si90 21 ft, hnch 4.7%
n 50 = = =Simp. 15 ft, Si85 5%
e — = Simp. 21 ft, SI90 5%
-4.0
-5.0
0 30 60 90 120 150 180
Location - deg. from Crown

Fig. 1.10 — Bending strain at 5% deflection
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2.4.4 Combined Strain

Figs. 1.11 and 1.12 compare the simplified predictions with the FEA results for total combined
strain. The comparison suggests that the simplified procedures can be used to predict total pipe
strains for the purpose of estimating the demand on the PE material in service.

0.5 — = Si85 8 ft, hnch 2.74%
— = Si90 12 ft, hnch 2.67%
—a——Sn90 21 ft, hnch 2.89%
- - - -Simp. 8t, Si85 3%

— — Simp. 12 t, Si%0 3%
— - —Simp. 21 ft, Sn90 3%

_2-5 T T T T N S Y Y Y I O B SO N N |

0 30 60 90 120 150 180
Location - Deg. from Crown

Fig. 1.11 — Maximum combined strain at 3% deflection

20
10 |

%

c —a&—Si85 15 ft, hnch 5.1%
g ———Si90 21 ft, hnch 4.7%
@ = = = =Simp. 15 ft, Si85 5%
C — =G i 0,
40 Simp. 21 ft, Si90 5%
50 L
0 30 60 90 120 150 180

Location - Deg. from Crown

Fig. 1.12 — Combined strain at 5% deflection
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2.4.5 Discussion of Results

The pipe performance calculations presented in the previous section show that tensile strains at
limiting deflection conditions are low when the deflection is caused by an earth load. Further, as
the deflection increases, the tensile strains decrease since the hoop compression strain
increases at a faster rate than the bending strain, even for the relatively soft Si85 condition.
This indicates that the maximum tension strains in corrugated HDPE pipe will likely occur in
shallow buried pipe installed at limiting deflection. There is a bit of a conflict in this finding,

since:

e if good construction practices are applied, high deflections should not occur at low

depths of fill; however,

e construction control procedures for thermoplastic culverts are generally written to limit

deflection to a 5% change in diameter, regardless of the depth of fill

The first bulleted item suggests that tension should not occur in buried HDPE pipe at any depth
of fill, but the second item shows that deflections are not controlled to lower limits under shallow
burial. Also, research has shown that final deflections in flexible pipe often are greatly affected
by construction practices (Chambers et al. 1980 and Chambers and McGrath, 1981) and can
significantly exceed values predicted by pipe-soil interaction theory. The author has personally

observed a number of installations with high deflections under very shallow conditions.

The result of this is the conclusion that either of two design situations should be selected:

o design for a limiting deflection (i.e. 5%) at a low depth of fill or

¢ reduce the allowable deflection of pipe under low fill conditions.

Since the latter solution would be difficult to control in a field environment, designing for a 5%
deflection with little or no thrust is a preferred solution. Using the simplified procedures for
predicting bending strain, this suggests that the limiting strain for the 42 in. pipe used in the FEA
study should be:

& = DtA/D (Con/R) =4 (0.05) (1.91in./22.0in.) = 1.7%
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Assuming a 100 year modulus of 20,000 psi this value relates to a stress of 350 psi. The actual
value will vary for different profiles as a function of the profile geometry. Overall, since some
thrust will always be present in a profile, a strain limit for circumferential effects of 1.5%
(equivalent to a long-term stress of 300 psi) appears reasonable at this time. Applying a factor

of safety of 1.5 gives strength limits of approximately 500 psi and 2.5% strain.

25 Longitudinal Stresses

The simplified calculations and the FEA study address only the circumferential stresses in
HDPE pipe. A relationship to stresses in all directions in the profile is required to assess the
total stress state and estimate the material performance. Two papers in the literature address

longitudinal stress due to earth loads:

. Moore and Hu (1995) studied the three dimensional response of corrugated HDPE
under pure compression and reported a peak longitudinal tensile stress of 58 psi at an
applied stress of 5 psi, roughly equivalent to 6 ft of fill. The longitudinal tension stress
occurs on the inside surface of the pipe where the liner meets the corrugation and
inspection of the overall stress distribution suggests that this tension occurs as a local
bending of the liner. Using simple extrapolation, the peak longitudinal tension stress at
depths of 20 ft would be 193 psi.

° Moore (1995) studied the three-dimensional response of corrugated HDPE pipe in Sn95
and Sn85 (roughly equivalent to Si90 material) structural backfill under deep fills. They
reported maximum longitudinal tension of about 200 psi at the springline in Sn85 backfill
at depths of about 12 ft. The tension at the crown and invert are much lower. The
location of the peak tension, at the intersection of the liner and corrugation, is the same
as in the hoop compression test, and local bending again appears to be the cause. This
paper presents only combined stresses, thus the separate effects of bending and axial
compression in causing longitudinal tension is not clear. Using simple extrapolation, the

longitudinal stress at a depth of fill of 20 ft would be about 330 psi.

NCHRP Report 429 (Hsuan and McGrath, 1999) showed that the intersection of the liner and
corrugation was the site of a high percentage of cracks in corrugated HDPE pipe; however, they
concluded that the cracks initiated on the interior of the corrugation where the profile has a

sharp discontinuity, while Moore indicates that the longitudinal stresses at this location are in
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compression. Also, as a result of NCHRP Report 429, AASHTO improved the crack resistance

of HDPE resins, which was intended to reduce the cracking that was observed.

The other source of longitudinal stress is improper installation, resulting in beam bending type
loadings. To control this in the field, Florida will require that pipe grade be controlled to 0.5%.
This criterion is applied by assuming that the center of a section of pipe is out of line by 0.005
times the pipe length. Corrugated PE is manufactured in 20 ft lengths, so the criterion allows a
deflection of 1.2 in. in a 20 ft span. Assuming that the liner forms a straight tube down the
center of a pipe, then, at 0.5% grade misalignment the longitudinal pipe strain is approximately
0.75% or 150 psi in the long-term. As this simplification is conservative, and tension stress due
to beam bending will be localized, the two effects need not be considered simultaneously.
Thus, HDPE material in corrugated pipe should be able to survive long-term longitudinal tensile
stresses of about the same magnitude as circumferential stresses, 300 psi for the service

condition, equivalent to approximately 1.5% strain, to provide a 100 year service life.

Note that for both longitudinal and circumferential stresses, the peak stresses do not occur at
locations subject to the effects of stress concentrations, thus, the general field capacity of the
pipe should evaluated against this criterion rather than the strength of the pipe at points of
stress concentration. The provisions for control of stress cracking are assumed to provide

protection at these locations.

3. CONSTRUCTION CONSIDERATIONS

Achieving 100 year service life in HDPE pipe requires control of tensile stresses, which are
directly related to deflection. Deflections are controlled by backfill selection and control of
construction practices. The finite element analysis demonstrates the role of backfill type and
compaction in controlling deflections, but the failure to use good practices during backfill
placement can increase deflections significantly above values predicted by pipe-soil interaction
analysis. Since deflections are in fact controlled more by construction practice than by design, it
is increasingly becoming practice to place responsibility for control of deflections on the
contractor, rather than the designer. The design process demonstrates that a pipe is adequate
at a given deflection and the contractor is then responsible for meeting that deflection level.
Construction practices that produce good pipe performance with minimal inspection and

construction control are desirable. Key considerations in this are:
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e backfill material
e placement procedures
e compaction procedures, and

e on wet sites, control of ground water to allow proper placement and compaction of
backfill.

This section on discussion of suitable backfill materials is generally applicable to all types of

pipe.

3.1 Backfill Selection

Backfill placement procedures normally require density control to provide the desired backfill
properties. Thus, it is common practice to speak of soil properties and relate them to a given
percentage of maximum density determined in accordance with a standardized laboratory
reference test. The most common tests are the standard Proctor test (AASHTO T99, ASTM
D 698) and the modified Proctor test (AASHTO T180, ASTM D 1557). The modified Proctor test
applies approximately four times more energy to the soil and thus achieves a higher reference
density. For simplicity, references to percent of maximum density in this report refer to the
standard Proctor test. For buried pipe, the property of actual interest is the soil stiffness. The
ability of a given soil at a given density to resist deformation of a buried pipe is the key

mechanism in controlling deflection.

Coarse-grained backfill materials with limited fines (material passing a #200 sieve) content have
the highest initial stiffness without compaction and reach the highest stiffness with the least
energy. The relative amount of energy to achieve a level of stiffness in various soils is
presented in Table 1.2 (McGrath et al., 1990) based on tests of soils in compaction molds. The
table demonstrates that to achieve a soil modulus (in this case expressed as the empirical
modulus of soil reaction, E'), of 1,000 psi, requires 3 times more energy applied to a Si soil than
a Sn soil, and 7 times more energy in a Cl soil than a Sn soil. In common tables of soil moduli

(Howard, 1996), only the Sn soils reach a modulus of 3,000 psi.
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Table 1.2 — Energy Required to Achieve Soil Stiffness (McGrath, et al., 1990)

Modulus of Soil Reaction, E', (psi)
400 1,000 | 2,000 | 3,000

<5 10 17 30

Soil Type

Coarse grained soils, < 12% fines
(AASHTO Sn soils, Note 2)

Sandy or gravelly fine grained sails,
or coarse-grained soils with fines 25 33 40 2100
(AASHTO Si soils, Note 2)
Fine grained soils
(AASHTO Cl soils, Note 2) S0 70| =100 | =100
Notes: 1. Energy expressed as a percentage of the energy specified in AASHTO T99

2. See AASHTO LRFD Table 12.12.2.4.2-1

Table 1.2 and the above discussion demonstrate that the best backfill materials to allow

minimum field control are the Sn soils. There are several classes of these materials:

e crushed rock — crushed rock is a created by crushing cobbles and boulders into smaller
angular particles. Crushed rock backfills may be uniform (particles fall into a small size
range) or graded, and typically have less than 5% fines. Crushed rock backfill generally
provides adequate stiffness when dumped and excellent stiffness when subjected to
only minimal compaction. Crushed rock generally performs better than the Sn soils, but
no suitable data is available to quantify this, it is generally designed as Sn soil. Crushed
rock is typically open-graded, and thus steps must be taken to prevent migration of fines

if placed next to fine sands and silts.

e pea gravel — pea gravel is the generic name for rounded, uniformly sized stone. Pea
gravel flows well into the haunch zone under the pipe and achieves better stiffness than
crushed stone when both materials are dumped, but is not as stiff as crushed stone
when both materials are compacted. Pea gravel is open-graded, and thus steps, such
as the use of a geotextile fabric must be taken to prevent migration of fines if placed next

to fine sands and silts.

e sands and gravels — Sands and gravels without fines achieve good densities when
dumped and excellent densities when compacted. If placed, spread and compacted in
moderate lift thicknesses, excellent pipe support is assured for all typical installations.
Sands and gravels may be well-graded or poorly-graded. Poorly-graded gravels may be

susceptible to migration of fines. The only exception to this is uniform fine graded
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sands. These materials, sometimes called "dune sand" behave more like silts than
sands, can be difficult to compact, and are sensitive to moisture content. Use of these
materials is controlled by specifying that a maximum of 50% of the particle sizes may
pass the No. 100 sieve and a maximum of 20% may pass the No. 200 sieve. Sands not

meeting these criteria should be treated as Si materials.

One alternative to specifying coarse-grained backfill materials is to specify controlled low
strength backfill (CLSM, also called flowable fill). CLSM is a low strength concrete mix with
excellent flow characteristics. It has been shown to provide good pipe performance (McGrath,
et al.,, 1999), but is often quite expensive. It is not discussed further here, but should be

considered for installations where the additional cost can be justified.

In Florida, where crushed rock is often not available, sands and gravels are likely the most
appropriate choice for structural backfill that will provide the greatest assurance of good
performance. These materials provide excellent pipe performance when placed and compacted
and are less sensitive to poor construction practices than other materials. We suggest that the
preferred backfill meet the requirements of GW or SW material (ASTM D 2487) or AASHTO A-1
or A-3 (AASHTO M145) and meet the limitation on fine sand content listed above. Concrete
sand meets these requirements and is generally readily available. Soils with fines (Soils in the
Si group) provide good service when properly placed and compacted, but are more susceptible

to problems if construction procedures are not followed.

3.2 Backfill Placement

There are many standards that provide construction procedures for buried pipe installation. The
most common standard for thermoplastic pipe is ASTM D 2321. This standard provides
excellent guidance on a wide range of issues. Most of the issues discussed in this section apply

to all types of pipe.
Installation features of particular note that should be present in Florida specifications include:
e trenches should be sufficiently wide to allow joining pipe and proper placement and

compaction of the backfill; this condition is generally met if the minimum trench width is

1.5 times the pipe outside diameter plus 12 in.; the space between the trench wall and
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the pipe should not be less than the width of the compaction equipment in use on the
project. If the native soils forming the trench wall do not stand without support (this
means structural support and does not include support supplied solely for worker safety
in trenches), increase the trench width to provide one half diameter width of structural

backfill on either side of the pipe.

e bedding under the pipe, for the central one-third of the pipe diameter should be left
uncompacted for a depth of 3 in. This will provide a softer cushion to support the pipe

and will mitigate the effects of poor haunching,

o material must be worked into the haunch zone of the pipe, this generally cannot be

properly accomplished if the pipe is backfilled to the springline on the first lift,

e use of trench boxes in the zone of backfill at the side of the pipe is prohibited unless
specific steps are taken to assure that the backfill is not disrupted or left with a void

when the trench box is advanced,

o trenches must be free of water when placing and compacting backfill,

o lift thickness must be controlled, especially on larger diameter pipe; while 6 in. lifts are
commonly specified, work has been completed to show that 12 in. lifts can produce good
results with coarse-grained backfills, provided placement and compaction practices are

suitable, and

e inspection of the completed pipe installation, including a deflection check, is imperative.
For large projects, it is recommended to conduct a partial inspection after completion of
a small portion of the project; this inspection can be used to adjust construction practices
if necessary, and will prevent the large-scale problem of discovering a systematic flaw at
the end of a project; AASHTO Specifications require thermoplastic pipe diameter to be at
least 95% of the nominal diameter at the completion of construction; in addition to
deflection, post-construction inspections should evaluate line and grade, joint conditions

and evidence of impingement due to rocks or other debris in the backfill close to the

pipe.
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The structural backfill over the top of the pipe serves both to provide a complete envelope for
the pipe, and to protect the pipe from incidental impacts due to rock in the final backfill.
AASHTO currently recommends that the structural backfill be continued over the top of the pipe

to a depth of 12 in. This practice should be continued.

3.3 Backfill Compaction

As noted in prior sections, backfill material type and the compaction level both contribute to the
overall stiffness of the backfill and the support provided to the pipe to prevent deflection. The
suggested coarse-grained materials provide good stiffness when dumped and reach excellent
stiffness with the application of minimal compactive energy. It may be beneficial to require a
minimum number of passes of compaction as well as specifying a minimum density
requirement. If the contractor is in the habit of supplying some compaction, then good pipe
performance will likely be the result even if the compaction percentage is slightly less than

specified. The specified density should not be less than 95% of maximum.

Backfill must be compacted at the springline of all pipes.

3.4 Minimum Cover Depth

Minimum cover under roadways is controlled more by the affect of the pipe on the pavement
than by stress or deflection levels in the pipe. Three studies are examined to address this

issue.

3.4.1 Phares et al. (1998)

Phares et al. (1998) conducted tests on 36 in. diameter corrugated HDPE pipe with 24 in. of

cover. The backfill conditions consisted of:
1. uncompacted native soil at the sides and over the pipe,

2. compacted granular soil at the sides of the pipe (to about 70% of the diameter) and

compacted native soil over the pipe, and

3. compacted granular soil at the sides and about 12 in. over the pipe with 12 in of

compacted native soil over that.
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Tests consisted of loading the pipe with a static load applied using a reaction load frame to a
plate of unspecified size. The report notes that bearing failures occurred under the load plate
during the loading but do not specify the size of the plate or the load at which bearing failure
initiated. The longitudinal strain at failure did not vary significantly, averaging about 0.14%
strain at wheel loads varying from 6,900 Ib (uncompacted condition) to 17,800 Ib (compacted
granular material to 12 in. over the pipe). They do not report the nature of the failure as cracking
(tension) or buckling (compression). An HS20 live load consists of a 16, 000 Ib wheel, thus the

researchers conclude that the factor of safety is on the order of 1.0 at a depth of 2 ft.

The researchers report results that are inconsistent with load tests on full scale pipe with actual
vehicles (see the following review of two additional papers), but the acknowledged bearing
failure under the load plate is likely having more impact on the pipe performance than the depth
of fill. When the soil fails due to excess bearing stresses, it moves out from under the plate and
the plate moves closer to the pipe. In these tests, since a steel plate was used, the stresses
under the edge of the plate are likely much higher than at the center, further reducing the
bearing capacity. In a highway condition, the tire applies a relatively uniform pressure over the
load surface. Since live loads increase as a second order function as the depth of cover is
reduced, the load applied to the pipe increases rapidly as the plate moves closer to the top of
the pipe. Thus, the reported factor of safety of 1.0 at a depth of 24 in. is likely quite
conservative. For the time being, more emphasis should be placed on results of actual
vehicular load tests to determine expected performance. Of some concern is the finding of a
failure strain of 0.13% under a short term loading, however, the behavior that defines the end

point of the tests is not identified. See Section 3.4.4 for more discussion of this.

3.4.2 Arockiasamy et al. (2002)

Arockiasamy et al. (2002) report on tests conducted for FDOT as part of an overall assessment
of culvert pipes. Pipes with 36 in. and 48 in. inside diameters were buried at depths of 0.5, 1.0
and 1.5 diameters. Two backfills were used, both classifying as poorly graded sands with silt
(SP-SM per ASTM D 2487). These materials would both be considered as Si soils per current
AASHTO specifications for thermoplastic pipe. Live loads were calculated based on an HS-20
truck with additional load to account for impact per AASHTO LRFD. For the 0.5 diameter burial
case, this was an axle load of approximately 40,000 Ib. Changes in vertical diameter were

about 0.2 in. maximum for the depth of 0.5 diameter, 36 in. pipe. Maximum measured
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longitudinal tensile strains were 0.05% for the same depth. No failures or damages to the pipe

were noted.

In simple beam longitudinal tests, the researchers report failure strains on the order of 0.36% to
0.82%. Slightly larger than those reported by Phares but still extremely low. The nature of the

pipe behavior at the end of the test is not identified.

The researchers conclude that minimum cover depth below the top of an unpaved road should
be no less than 36 in. or one pipe diameter, whichever is smaller based on the measured

longitudinal strains of 0.05% and the Phares reported failure strain of 0.14%.

3.4.3 McGrath et al. (2002)

McGrath et al. (2002) provided an interim report on live load testing of 60 in. diameter pipe
under depths of fill of 1 and 2 ft over a period of two years. A total of 8 HDPE pipes were
installed, along with one concrete and one corrugated steel pipe that were used as references.
The study used two backfill materials, a coarse-grained material without fines and a silty sand
with about 25% fines. Both backfill materials were compacted to 90% of maximum. The pipes
were installed in the Minnesota Research Road facility, a closed loop road that is subjected to
repetitive cycles of truck loads with axle loads of 18,000 and 24,000 lbs. The peak
circumferential tensile strains recorded during live load testing were approximately 0.12% at 1 ft
of cover. Peak deflections under live load were on the order of 0.12 in. In the cited paper, there
was some concern that the deflections were increasing with time; however, continued
observation (not yet published) did not bear this out. The deflections increase slightly during the
spring thaw but then return to lower values. The overall pipe deflections have been stable for
the 2 year life of the project. The testing work is being used to calibrate full three-dimensional
pipe-soil models of the live load condition, and the models are then being extended to evaluate
design axle loads with impact. These studies, while not published suggest good pipe behavior
at a depth of 2 ft.

The Minnesota test did show that the thermal expansion and contraction of the pipe during
seasonal changes are significant. The thermal expansion of polyethylene is approximately 10
times that of steel, and, since the backfill at the sides of the pipes is stiff, all of the thermal
expansion and contraction is seen as up and down motion of the crown. This led to low spots

developing in the roadway during the winter months when the pipe contracted, and also led to
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cracking in the pavement over the pipes. The cracking was significantly reduced for the two foot
depth of cover condition relative to the one foot depth of cover condition. There was some
cracking over the crown of the metal pipe and none over the crown of the concrete pipe.
Although not final at this time, the researchers are anticipating recommending a minimum cover

limit of 2 ft or 0.5 diameters, whichever is greater.

3.4.4 Discussion

Overall, the minimum depth of cover recommended by Arockiasamy et al. (2002) seems to
depend mostly on the low longitudinal strengths from their own simple beam tests and those
reported by Phares et al. (1998). The reported failure strains suggests a stress on the order of
a few hundred psi, which is much lower than strengths reported by Dr. Hsuan in this study for
tests on the intersection of the liner and corrugation, which is likely the weakest part of the
profile. Neither researcher reports if the failures were due to tensile cracking or compressive
buckling, but it is likely that the end point of the tests is the result of a compressive buckling in
the pipe wall, a behavior that would be restrained in buried pipe. The reported failure strains
from the simple beam tests should not be considered a material limit. Overall, this suggests that
The recommended minimum depth of cover of 36 in. or one pipe diameter, whichever is less

proposed by Arockiasamy et al. (2002) may be unnecessarily conservative.

At the current time, the minimum depth recommendation from the Minnesota study is
recommended as a suitable control to provide good service for unpaved roads. Recommended
minimum depths of cover in a format consistent with current Florida specification formats are

presented in Table 1.3
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Table 1.3 — Recommended Minimum Depth of Cover (in.)

Pipe Rigid Pavement Flexible Pavement No Pavement
Diarr?eter Depth below bottom Depth below bottom . Non-
of pavement, in. of base, in. Commercial Commercial
up to 48 in. 9 15 24 12
54 in., 60 in 15 21 30 24

For unpaved roads, non-commercial traffic is considered to include applications such as
driveway culverts where the typical vehicular traffic does not any include trucks, thus, loading
with a vehicle such as an HS-20 truck would be rare. Installation quality, backfill material and

backfill compaction are still considered to meet the standards set for other applications.

4. CONCLUSIONS

Florida DOT initiated a study to determine requirements for assuring that corrugated HDPE pipe
will provide a 100 year service life. The study was initiated at Drexel University and at Simpson
Gumpertz & Heger Inc. Drexel University has prepared a separate report on material strength
characteristics that are required to assure good material performance. This is Part Il of the
current report. This Part | report presented the results of the Simpson Gumpertz & Heger Inc.
study to evaluate the anticipated stress levels that a pipe installed for 100 years would be
subjected to, and recommendations for backfill materials and construction procedures to control
stresses. Recommended design and installation procedures are presented in AASHTO format

as an attachment to this report.

This Part | study consisted of a parametric analysis of expected performance of buried
corrugated HDPE pipe under earth loads with several compaction conditions, varying depths of
fill, and variable support under the pipe haunches. This study demonstrates that tensile
stresses are relatively low when pipe installation meets typical requirements and maintain
changes in vertical diameter to less than 5%. Long-term tensile strain for the service condition
should be less than 1.6%, corresponding to a long-term stress of approximately 300 psi, or
about 2.5% and 500 psi for the factored load condition. This is significantly reduced from the
current AASHTO requirement of 5% long-term tensile strain capacity. Review of a study on
three-dimensional analysis of longitudinal strains, and consideration of poor grade control of

pipe during installation indicates that this recommended minimum stress level should also apply
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to longitudinal stresses. In both cases, the limiting stress condition applies to the general field
stresses, and is not associated with areas of stress concentration, such as the intersection of

the liner and corrugation.

Backfill materials that provide the best performance with minimal controls on construction
procedures are well-graded coarse-grained soils (sands and gravels, GW and SW per ASTM
D 2487) with less than 12% fines. Uniformly graded coarse-grained soils (GP and SP per
ASTM D 2487) also provide good service but are not recommended unless provisions are made
to evaluate and control possible migration of fines into open voids. Uniform fine sands should
be avoided and criteria were presented for controlling this. Coarse-grained soils with fines (GC,
GM, SP, SM, or AASHTO A-2-4 or A-2-5) or fine grained soils with at least 30% coarse grained
material (sandy silts and sandy clays) provide good service if placed and compacted properly,
but increased inspection during construction is recommended. Backfill should be compacted to

at least 95% of maximum standard Proctor density.

The most important aspect of construction control is to inspect corrugated PE pipe after
installation, including the measuring of vertical diameters. Total reduction in vertical diameter
should be limited to 5%. On large projects deflections should be evaluated after a small portion

of the project has been completed to determine if the construction procedures are adequate.

Suggested minimum cover depths for applications subjected to live loads are based on the
findings of the Minnesota study. The minimum depth of fill should be the larger of 2 ft or one-
half of the pipe diameter. Specific recommendations consistent with Florida specifications were

presented.
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PART Il -

Stress Crack Resistance, Oxidation Resistance and
Viscoelastic Properties of Corrugated HDPE Pipes
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1. INTRODUCTION

This Part Il of the report, is entitled “Protocol for Predicting Long-term Service of Corrugated
High Density Polyethylene Pipes”. This part of the report consists of three topics: stress crack
resistance of corrugated HDPE pipes, antioxidant formulation in the pipe to ensure oxidation

stabilization, and long term tensile and flexural modulus properties.

A series of laboratory tests were performed to assess the various issues in the three focused
areas of the project to establish specification requirements for long-term service life of
corrugated HDPE pipes for potential use on Florida DOT projects. The intention of these
laboratory tests is also to verify the test methods that are incorporated in this test protocol, as
well as to illustrate the test procedures and analyses. Due to the limited number of pipe
samples being evaluated in this project, the test data may not represent the behavior of all
corrugated HDPE pipes. Furthermore, some of the tests require a much longer testing time
than was the duration of the project. Thus, the preliminary test values presented in the report

may not reflect the long-term performance of the pipes.

2. TEST MATERIALS

Two 24 in. and one 36 in. diameter corrugated HDPE pipes were supplied by two manufacturers
for the laboratory study. These pipes are coded as P-1, P-2 and P-3. Table 2.1 shows the
properties of the three pipes according to methods listed in AASHTO M 294. The tests were

performed on the compression plaques that were prepared by remolding the cut pipe pieces.

The HDPE resins are not available for the evaluation. Thus, material properties in Table 1
cannot be directly compared with those required in M 294 which refers to opaque non-carbon
black resin material. Also the oxidative induction time (OIT) test data was included to

characterize the antioxidant amount in the pipes.
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Table 2.1 — Properties of P-1, P-2 and P-3 Pipes

Properties P-1 P-2 P-3
Diameter (in.) 24 24 36
Density (g/cc) 0.953" 0.951" 0.951"

Melt Index (g/10min) 0.16 0.25 0.28
Flexural modulus (psi) 124,400 117,700 na
Tensile strength (psi) 4040 3700 na
Carbon black (%) (minimum) 2.6 2.6 25
NCLS* test (hours) 17.8 19.8 34.6
OIT" test (minutes) 26.4 30.6 44.6

*

NCLS test — Notched constant ligament stress test

OIT test — Oxidative induction time test

(1) The density values were obtained by calculation using equation in
ASTM D 3350.

(2) na - not available

+

3. LABORATORY TESTS TO EVALUATE LONG TERM STRESS CRACK
RESISTANCE OF CORRUGATED HDPE PIPES

3.1 Background

The material specification for corrugated HDPE pipes used in transportation applications is
based on AASHTO M294 “Standard Specification for Corrugated Polyethylene Pipes”. In the
year 2002, the specification adopted the NCLS test which is now ASTM F2136 “Standard Test
Method for Notched Constant Ligament Stress (NCLS) Test to Determine Slow Crack Growth
Resistance of HDPE Resins or HDPE Corrugated Pipe”. The modification enhances the SCR of
HDPE resins used for corrugated pipes. The NCLS test is a constant stress test in which stress
relaxation does not developed, thereby presenting a greater challenge to SCR of the test
specimens in comparison to constant strain test (i.e., ASTM 1693) which was required by the
specification until 1999. The minimum cell classes defined in AASHTO M294 are shown in

Table 2.2 together with the specified property ranges within each of the cell classes.

In the current M294 specification, environmental stress crack resistance (ESCR) and hydrostatic
design basis (HDB) tests, are not specified; instead the NCLS test is required in the
specification. Resin samples are made from plaques according to ASTM D 4703. The

conditions of the NCLS test are defined to be at 50°C in a 10% Igepal® solution under an
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applied stress of 600 psi. The average failure time of five test specimens must be greater than

24 hours and no single specimen failure shall be less than 17 hours.

Table 2.2 — Cell Class Properties for Corrugated HDPE Pipes

Properties Cell Class Value
Density 3 <0.945 - 0.955 g/cc
Melt Index 3 <0.4-0.159g/10 min
Flexural modulus 5 110,000 to <160,000 psi
Tensile Strength 4 3,000 - <3,500 psi
ESCR* 0 unspecified
HDB* 0 unspecified
UV stabilizer C 2% minimum carbon black

* ESCR — Environmental stress crack resistance

* HDB — Hydrostatic design basis.

For finished pipe test, the M-294 specification retained the 90° pipe bending test for the
evaluation of SCR on the finished pipes. This bending test is based on the same stress
condition as ASTM D1693. The pipe section is under a constant strain condition, thereby
allowing stress relaxation to take place during the testing. This finished pipe test does not
appropriately challenge the SCR properties of the pipe. Furthermore, the test is impractical for
large diameter pipes. Most important, however, the test does not challenge the specific
locations that are sensitive to stress cracking, such as junctions, longitudinal profiles, and
processing defects. Alternative SCR tests on the finished pipe were developed in this study and
are incorporated into the test protocol for predicting long-term stress crack resistance of the
finished pipe. The new SCR tests are applied to both short and long-term evaluations. The
short-term tests are used for quality assurance and quality control (QA/QC) purposes to confirm
the properties of pipes that have previously demonstrated 100-year crack free performance by
manufacturers or users. The long-term evaluation employed tests that are performed under a

range of different environmental conditions for long-term prediction purpose.
3.2 Stress Crack Resistance of Corrugated HDPE Pipes

In the current M294, the NCLS test focuses on plaque made of pipe resin; thus, the effects of

the pipe manufacturing processes are not evaluated. Since corrugated pipes have a complex
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geometric profile, some parts of the pipe are more susceptible to stress cracking due to high
stress concentrations than others. The protocol in this study utilizes three SCR tests to evaluate
different parts of the corrugated pipe. The test specimens are taken directly from the pipe so

that the manufacturing process and design effects can be challenged.
3.2.1 Stress Crack Resistance of the Corrugated Pipe Liner

NCHRP Report 429-Table 6 shows that the majority of field cracked pipes exhibited
circumferential cracking that took place in the liner adjacent to the junction between liner and
corrugation of the pipe, as shown in Fig. 2.1.  Moore (1995) utilized three-dimensional finite
element analyses to examine the stress distribution in corrugated pipe under different burial
conditions and found that an axial tension existed in the liner near the junction region.

Therefore, the pipe liner is a critical component regarding crack free service life evaluation.

COI’I‘Ug&tIOﬂ

crest
web
valley liner

liner-corrugation
junction

crack

location
.\/

Fig. 2.1 — Schematic diagram illustrating the location of
circumferential cracking in corrugated HDPE pipes.

The NCLS test was used to evaluate the SCR of pipe liner. However, test specimens were
taken directly from the pipe liner, as shown in Fig. 2.2(a). A 20% notch depth was introduced to
the specimen on the outer side of the liner, Fig. 2.2(b). The test procedure is described in the
Florida Method of Test FM 5-572 — Procedure A. Table 2.3 shows the summary of results for
the three pipes that were used to assess the method. The test data indicate that two of the
pipes exhibit noticeably different SCR properties between the liner and compression molded
plague. Such difference is caused by the manufacturing process effects which exist in the pipe

liner but not the plaque. An extensive study on the effect of manufacturing process was carried
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out in the NCHRP 4-26 project. The reduction factors (ratio of failure time of pipe liner versus

pipe plaque) of 24 tested pipes were in the range of 0.44 to 0.91.

Valley:
Crest outer crest surface
inner crest surface
Web—> outer liner surface
Linerg* Y innerlinersurface
corrugation
removed .
T =Thickness
N
a = Notch
outer liner
Clrcumferentlal surface »
inner liner _|
surface
Longltudlnal Aa=20%*T

Fig. 2.2 Location of the test specimens taken from the pipe liner
and notch location on the specimen

Table 2.3 — Results of NCLS Test of Pipes P-1, P-2, and P-3

Average Failure Time | Average Failure Time of Failure Time Ratio
Pipe of Molded Plaque Pipe Liner (longitudinal) .
(pipe/plaque)
(hr) (hr)
P-1 17.8 12.6 0.71
P-2 19.8 19.5 0.98
P-3 34.6 24.5 0.71

In addition, the ductile-to-brittle curves of three pipe liners were established, as shown in Fig.
2.3. The slopes of the ductile and brittle curves of the three pipes are very similar, as shown in
Table 2.4. However, the slopes of the brittle curves are steeper than those reported in the
NCHRP Report 429 in which the brittle slopes obtained from compression molded plaques were
found in the range of 0.24 to 0.44. The steep brittle slope resulting from the pipe liner may
again be caused by the effects of the manufacturing process which tends to decrease the SCR

of the corresponding resin.
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Fig. 2.3 — Ductile-Brittle curves of three tested pipes, P-1, P-2 and P-3

Table 2.4 — Slope Values of Ductile and Brittle Regions from Fig. 2.3

Pipe Ductile Brittle
P-1 -0.0396 -0.5962
P-2 -0.0471 -0.5703
P-3 -0.0511 -0.4842

3.2.2 Stress Crack Resistance of the Liner/Corrugation Junction

As shown in Fig. 2.1, the junction between the liner and corrugation is susceptible to stress
cracking due to abrupt changes in the geometry. The junction geometry is governed by the pipe
design as well as the extrusion process. If an axial tensile stress is imposed across the

junction, as indicated by Moore (1996), cracking could occur under this complex mechanism

A new SCR test on the junction was developed based on the preliminarily work that was
reported in NCHRP Report 429. The test procedure to evaluate the liner/corrugation junction is
described in the Florida Method of Test FM 5-572 — Procedure B. The ASTM D 638 Type IV die
size has been adopted in this test. Depending on the width of the pipe valley, two sides of the

junction can be evaluated simultaneously or separately, as shown in Figs. 2.4 and 2.5,
respectively.
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Fig. 2.4 — Locations of SCR junction specimens taken from
junction width less than 1.0 inch
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Fig. 2.5 — Locations of SCR junction specimens taken from
junction width greater than 1.0 inch

The pipe junction tests were performed in test conditions similar to those in the NCLS test
namely, 10% Igepal solution at 50°C under applied stress of 600 psi. Both P-1 and P-2 pipes
were evaluated. The results are shown in Table 2.5. They indicate the vulnerability of the
junction or adjacent areas towards stress cracking. For the P-1 pipe, the failure of the junction-
specimen was not at the junction. The cracking actually started from the inner liner and then
continued through the valley part of the pipe, as shown in Fig. 2.6. In P-2, the geometry of the

junction clearly governed failure. One side of the junction exhibited much greater crack
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resistance than the other. The failure took place at the junction between liner and corrugation,

as shown in Fig. 2.7.

Table 2.5 — Results of Junction Tests on Pipes P-1 and P-2

Pipe Failure Time Comments
(hr)
P-1 207 Two out of five specimens failed. Failure
both sides 1238 occurs at the inner liner first and then grows

through the material. (Three specimens are
still on-going after 1500 hr.)

P-2 62 All seven specimens failed with standard

Side one deviation value of +28 hr.

P-2 882 Three out of four specimens failed.

Side two 1120 (One specimen is still on-going after 1500
1030 hr.)

Fig. 2.6 — Failure of junction-specimen from pipe P-1
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Fig. 2.7 — Failure of junction-specimen from pipe P-2

3.2.3 Stress Crack Resistance of Longitudinal Profiles

NCHRP Report 429-Table 6 shows that in some of the field cases, longitudinal cracking was
observed in the corrugated pipe. Some of the longitudinal cracks were noted to be along the
vent hole or mold line of the annular profile pipes. Vent hole and molded line cracking was
observed in Site J of the NCHRP Report 429 (note that the vent hole photos were not included
in the report.) Furthermore, one of the Pls of this project has extensive experience in field
performance of the corrugated pipes, and he has observed vent hole cracking in the field.

Thus, these locations shall be evaluated to ensure long-term crack free performance of the pipe.

A new SCR test was developed for this assessment. The test procedure to evaluate the
longitudinal profiles is described in Florida Method of Test FM 5-572 — Procedure C. The ASTM
D 638 Type IV die size was adopted in this test. The specific profile that is tested is positioned

at the center of the constant neck section of the specimen, as shown in Fig 2.8.
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Fig. 2.8 — Specimen configuration for vent hole location

In this study, the selected longitudinal profile was a vent hole so as to illustrate the test method.
The test was performed in 10% Igepal solution at 50°C under an applied stress of 600 psi.
Table 2.6 shows the test results which indicate that cracking at longitudinal profiles (in this case,
the vent holes) is possible. Of significance is that the failure resulting from this test appeared
very similar to those observed in the field. Fig. 2.9 shows a failed specimen. Cracking started

from the inner liner and then progressed through the crown of the vent hole.

Table 2.6 — Results of Longitudinal Profile Tests at Vent Holes

Specimen Failure Time Comments
No. (hr)
1 176 Three out of five specimens failed. Failure
2 784 started from the inner liner and then the
3 856 crown. The other two specimens are still
on-going after 1200 hr.

Note: this set of tests was performed under applied stress of 500 psi due to equipment
limitations. The actual test should be performed at 600 psi
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Fig. 2.9 — Failed longitudinal profile (vent hole) specimen

However, the test data in Table 2.6 resulted from applied loads that were calculated based on
the valley thickness of the pipe. In addition, the bending stress that was induced due to
straightening of the specimen was not removed from the applied load. Since test specimens
were taken from the circumferential direction of the pipe, they consist of a curvature that varies
with the diameter of the pipe. The smaller pipe diameter creates a greater curvature in the test
specimen. Under a constant tensile test configuration, the curved test specimen was forced to
be straightened; thus, induced tensile stress on the liner part of the vent hole. Without
considering this induced tensile stress, the liner portion of the specimen was subjected to a
stress higher than the test intended. In the newly developed Florida test method, the induced
stress due to the straightening of the test specimen was subtracted from the applied load. Also
the thickness of the liner was used to calculate the applied load instead of the valley thickness.
Since the failure started at the liner of the vent hole, the upper part of the vent hole is removed

or cut, so that the applied load is transmitted through the liner only.

3.3 Long-Term Stress Crack Resistance of Pipes

The three tests described in Section 3.2 are intended to be used for manufacturing QA/QC
purposes. As such, the test environment is intended to accelerate failure mechanisms so that
tests can be completed in a relatively short period of time. The test results do not directly reflect

the long-term performance of the pipe unless a correlation is established over a period of time.
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That said, the manufacturing QA/QC tests are critical in validating the quality of the finished

pipe.

Regarding the long-term crack resistance (100-year design life) of corrugated HDPE pipes,
there are inadequate long-term performance case histories available for pipes made from the
newly adopted resins. Thus, accelerated laboratory tests should be used for the long-term
performance prediction. The environment of such acceleration tests should be as close to field
conditions as possible. In this regard, the liner of the drainage pipes is exposed to two media;
water and air. Therefore, these two environments will be used in the tests for predicting the

long-term performance.

3.3.1 Test Environments

The conditions of the NCLS test have been modified by using water and air as test media
instead of a 10% Igepal solution. In addition, the NCLS test was performed at three elevated

temperatures to observe the temperature acceleration effect.

3.3.1.1 Water Environment

The NCLT tests using water as the test medium were performed on the liner part of P-3 pipe at
test temperatures of 60, 70 and 80°C and applied stresses from 300 to 1600 psi. Note that due
to the large number of tests; only three specimens were tested at each stress level. Fig. 2.10
shows the log stress versus log failure time plots at three temperatures. The slopes and the
ductile-to-brittle transition points of the curves at these three temperatures are given in Table

2.7. Note that the slopes of brittle curves are relatively similar to each other.
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Fig. 2.10 — Applied stress versus failure time curves of P-3 in water

Table 2.7 — Information Obtained from Ductile-to-Brittle Curves in Water

Temperature Transition Point Slope
Environment ?’C) Stress Time Ductile Brittle
(psi) (hr) Region Region
60 1248 6.3 0.041 0.33
Water 70 1077 4.5 0.055 0.38
80 875 3.2 0.082 0.38

3.3.1.2 Air Environment

The NCTL test in air was performed on the liner part of the P-3 pipe at temperatures of 60, 70
and 80°C in a forced air oven. The applied stresses ranged from 300 to 1600 psi. Note that
due to the large number of tests; only three specimens were tested at each stress level. Fig.
2.11 shows the log stress versus log failure time plot at three temperatures. The slopes and the
ductile-to-brittle transition point of the curves at these three temperatures are given in Table 2.8.

The slope of the brittle region at 60°C is slightly lower than those at the higher temperatures.
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Fig. 2.11 — Applied stress versus failure time curves of P-3 in air

Table 2.8 — Information Obtained from Ductile-to-Brittle Curves in Air

Temperature Transition Point Slope
Environment ?"C) Stress Time Ductile Brittle
(psi) (hr) Region Region
60 1206 6.1 0.059 0.28
Air 70 1081 4.5 0.082 0.36
80 944 2.0 0.092 0.35

By comparing test data obtained from water and air environments, their failure times are
relatively similar. In the NCHRP Report 429, the results of the field investigation indicate that
the circumferential cracking took place in both wet and dry regions (i.e., invert and crown
regions) of the pipe. Based on the field observations and the application function of the pipes,
testing in a water environment seems to be appropriate in simulating field conditions. In

addition, a uniform testing temperature can be achieved easier in water than in air.

It should be noted that the NCLS test uses notched specimens. The purpose of the notch is to
shorten the time for crack to form by creating a high stress concentration at the tip of the notch,
thereby generating a consistent failure time under the same test parameters. Although the

probability for pipes to have defects with similar stress concentration as the notch is largely
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unknown, the pipe does contain many stress concentration locations, such as the junction
between liner and corrugation and different types of longitudinal profiles. A performance test
that challenges those stress concentration locations will be presented in Section 3.3.2 of this

report.

3.3.1.3 Comparing Different Test Environments

In Fig. 2.12, the ductile-to-brittle curves from three test environments at 50°C are compared.
Readily seen is that at the same test temperature, the 10% Igepal solution provides the greatest
acceleration effect on stress cracking. The failure times at all stress levels are significantly
shortened and the transition stress is slightly higher than those in water and air. The slope of
the brittle curve in 10% Igepal solution is much steeper, with a value of 0.5, in comparison to
0.34 and 0.31 for water and air, respectively. At the applied stress of 600 psi, the failure time is
seven times faster in 10% Igepal solution than in water and air. As noted previously, the

responses between water and air are similar to one another.
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Fig. 2.12 — Ductile-to-brittle curves in three different test environments at 50°C
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3.3.2 Performance Test for Assessing SCR of Corrugated HDPE Pipes

In Sections 3.2.2 and 3.2.3, the susceptibility of the pipe junction and longitudinal profiles were
demonstrated using test conditions of 10% Igepal at 50°C under an applied stress of 600 psi.
While such test conditions are appropriate for an acceleration test, they are not suitable for
predicting the long-term SCR. In this section, the results of tests on pipe junctions using a
water environment at temperatures of 60, 70 and 80°C under applied stress ranging from 350 to
1000 psi are presented. The junction specimens were removed from P-1; a 24-in pipe. The
configuration of the test specimen is according to Fig. 2.4 in which two junctions were tested

simultaneously in one specimen.

Fig. 2.13 shows the log stress versus log failure time response of the junction tests. The
properties of the ductile-to-brittle curves are given in Table 2.9. As expected, the failure times of
the junction specimens are much longer than those of the notched liner specimens, since the
stress concentration is lower at the junction than at the notch tip. Also the slope of the brittle

line is lower in the junction test than the notched liner test.
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Fig. 2.13 — Applied stress versus failure time curves for junction tests of P-1
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Table 2.9 — Properties Obtained from the Ductile-to-Brittle Curves in Fig. 2.13

Temperature | Transition | Transition | Slopein | Slopein | Constants | Constants
(°C) time stress brittle ductile in brittle in ductile
(hour) (psi) region region region region
60 158 1088 -0.1855 -0.0195 | A=-2511| A=-82.39
70 46 987 -0.2174 -0.0250 | B=14295 | B =68098
80 9.6 942 -0.1785 -0.0227 | C=-1717 | C=-13132

3.3.3 Prediction Methods

Three methods have been investigated in the prediction of stress crack resistance of the
corrugated HDPE pipes, and they are ISO 9080, Popelar Shift Method (PSM) and Rate
Processing Method (RPM).

3.3.3.1 ISO 9080 Standard

ISO 9080 describes the methodology to determine the ductile-to-brittle transition point and the
best fitted lines for ductile and brittle regions. In addition, the standard utilizes the Arrhenius
Equation, Eq. 2.1, with an activation energy of 110 kd/mol to generate a series of factors for

failure time extrapolation from high testing temperature to low site temperature.

t = AeRT Eq. 2.1

t = failure time (hour)

E = activation energy (kJ/mol)
R = gas constant (8.14 J/mol)
T = absolute temperature (K)
A = constant

By adopting the Arrhenius Equation, it is assumed that the ductile-to-brittle curves at different
temperatures are parallel to each other. However, this has found to be not rigorously true. The
slope of the curves changes with temperature, particularly at lower temperatures. Furthermore,

the method does not provide an adjustment for the effect of temperature on the applied stress.
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3.3.3.2 Popelar Shift Method (PSM)

Based on many sets of ductile-to-brittle curves, Popelar, et al. (1990) developed two (constant)
shift factors to shift individual data points in both time and stress, as expressed in Egs. 2.2 and

2.3, respectively.

a; =exp[-0.109(T -T )] Eq. 2.2
b, =exp[0.0116(T - Ty )] Eq. 2.3

where:

ar = horizontal shift function (time function)
br = vertical shift function (stress function)
T =temperature of the test

Tr = target temperature

The accuracy of these two shift factors has not yet verified for corrugated HDPE pipes.

3.3.3.3 Rate Processing Method (RPM)

RPM has been used to analyze stress crack test data of HDPE pressured pipe materials for
many years and it is included in both ISO 9080 and ASTM D 2837. The general equation of
RPM is expressed in Eq. 2.4.

logt = A+ 2, 1990 Eq. 2.4
T T

Where:

t = failure time (hr)

(o} = applied stress

T = test temperature (K)

A, B and C = constants for specific material and test conditions

In order to utilize Eq. 2.4, the three constants must be determined for a given material and test
conditions. Typically stress crack tests are performed at different elevated temperatures and
applied stresses and the data are used to establish the three constants. A new Eq. 2.4 with
known A, B and C values can then be applied to determine failure times at a specific

temperature and applied stress.
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3.3.4 Comparing PSM and RPM in Predicting Long-term SCR

The three sets of ductile-to-brittle curves in Figs. 2.9 and 2.10 are used to investigate the
reliability of PSM and/or RPM. The verification was performed by using data at 70 and 80°C to
predict and verify the ductile-to-brittle curve at 60°C, which was then compared with the
experimental data to evaluate the respective methods. In Figs. 2.14 and 2.15, the solid green
line at 60°C was generated by RPM using A, B and C values obtained from data at 70 and 80°C
in water and air, respectively (Hsuan and Zhang, 2005). The predicted curves are very similar
to the actual experimental data. For PSM, the predicted curve at 60°C was created by shifting
each data point at 70 and 80°C using corresponding shift factors that were calculated according
to Egs. 2.2 and 2.3. The shifted data at 60°C were then analyzed by the ISO method to
determine the ductile-to-brittle curves, which are displayed as the blue lines in both figures. It is

observed that PSM over predicts the failure time at 60°C by a considerable amount.

T A5 0 0.5 1 15 2 25 3
log(time) (hour)

Fig. 2.14 — Experimental and predicted NCLS curves on pipe liner in water
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Fig. 2.15 — Experimental and predicted NCLS curves on pipe liner in air

RPM is also applied to junction test data at test temperatures of 60, 70 and 80°C from Fig. 2.13.
The solid green line in Fig. 2.16 at 60°C was generated by RPM using A, B and C values
obtained from data at 70 and 80°C, (recall Table 2.9). The predicted curve is fairly similar to the
actual experimental data at 60°C.
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Fig. 2.16 — Experimental and predicted curves on pipe junction in water
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The above analyses indicate that RPM is a more reliable method for predicting the long-term
SCR of corrugated HDPE pipes. A test standard, FM 5-573, was developed to describe the

prediction procedures.

In predicting a 100-year crack free pipe, junction data at 60, 70 and 80°C water were used. Fig.
2.17 shows the predicted ductile-to-brittle curve at 23°C which is identified as being the average
temperature in the State of Florida. Based on the predicted curve, the failure time at 500 psi
(log500 = 2.7) is well over 100 years. Recall that 500 psi is the predicted tensile stress in the

pipe under long-term field conditions resulting from Part 1 of the report.
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Fig. 2.17 — Predicted 23°C curve on pipe junction in water

3.4 Summary of Laboratory SCR Evaluation

The SCR of three corrugated HDPE pipes was evaluated and presented in this section of the
report. The tests focused on three specific locations of the pipe which were; the inner liner,
liner/corrugation junction, and longitudinal profile. A QA/QC test (FM 5-572) was developed to

assess the susceptibility of the stress crack at these three locations.
In order to investigate the effect of the test media, NCLS tests were performed in three different

test environments; 10% Igepal®, water, and air. The data confirm that the 10% Igepal® solution

provides the greatest acceleration to crack growth rate.
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In predicting the long-term SCR of corrugated HDPE pipes, RPM was found to be the most
appropriate of three methods evaluated. The test procedure is described in Section 5.6.1.2 of
ASTM D2837, which recommends three sets of tests (two stress levels at one test temperature,
and one stress level at a second temperature) to determine the three constants in Eq. 2.4.
Based on the ASTM D 2837, a new test standard “FM 5-573” was developed defining the
specification conditions for performing tests on corrugated pipe junctions and longitudinal

profiles.

4. LABORATORY TESTS TO EVALUATE OXIDATION RESISTANCE OF
CORRUGATED HDPE PIPES

4.1 Background

As shown in Table 2.1, the current AASHTO M294 specification does not require the evaluation
of antioxidants in HDPE corrugated pipes except for the cell class defined in ASTM D 3350. In
the NCHRP Report 429, a large variation was found in the antioxidants of 14 evaluated
commercially new pipes. The data is as shown in Fig. 2.18. The amount of antioxidants in the
pipe is expressed by the OIT value which ranges from few minutes to over 40 minutes. This
large scatter in the data indicates that there is little consistency in the manufacture of different

HDPE corrugated pipes and is a major issue of concern.

The function of antioxidants in the corrugated pipe is to protect the polyethylene resin from
oxidative degradation. The mechanical properties (including SCR) can only be preserved by
properly formulated antioxidants. Thus, the lifetime of antioxidants plays an essential role in the

overall service life of the pipe.
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Fig. 2.18 - OIT data of fourteen commercially new pipe samples
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The overall oxidation mechanisms can be divided into three conceptual stages, as shown in Fig.

2.19 (Hsuan and Koerner, 1999). These mechanisms are well established in the HDPE

pressured pipe industries.

Stage A represents time to consume all of the antioxidants in the pipe. The duration
of this stage depends on both the type and amount of antioxidants as well as the site
ambient environment or simulated laboratory testing conditions.

Stage B is the induction time which is the inherent property of the unstabilized
polymer. In this stage the polymer reacts with oxygen and generates free radicals
and hydroperoxide (ROOH), as expressed in Eqs. 2.5 and 2.6. The duration of this

stage is governed by the concentration of hydroperoxide.

RH—"% sRe+He Eq. 2.5
Re+O, > ROOH +R e Eq. 2.6

Stage C is the autocatalytic stage of the oxidation in which the formation of free
radicals accelerates due to decomposition of ROOH, as indicated in Egs. 2.7 to 2.9.
The onset of the Stage C is when the hydroperoxide in the polymer increases to a
critical concentration. The series of free radical reactions that take place in Stage C
result in breaking polymer chains which leads to degradation in mechanical

properties of the materials.

ROOH —=2¢% s RO ¢ +OH o Eq. 2.7
ROe+RH - ROH +R e Eq. 2.8
OHe+RH ->H,O0+Re Eq. 2.9

Note: In Egs 2.5 to 2.9, RH represents the polymer chain and compounds with the
symbol (e) are free radicals.

Gedde’s group has published a series of papers on the oxidation of HDPE hot water pressure

pipes. Their findings are summarized in a review paper (Gedde, et al., 1994). In their study, the

long-term performance of pressurized pipe was evaluated using method similar to ASTM

D2837. The test pipes were subjected to a series of internal pressures using either air or water,

and were incubated in both water and air environments at temperatures from 60 to 105°C. The

failure modes of the pipe are illustrated in Fig. 2.20. In Stage I, pipes fail by ductile mode. In

Stage I, pipes fail in brittle mode via stress crack growth. In Stage lll, the effect of mechanical
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loading becomes insignificant due to extremely low applied stresses, so that the pipes fail in
brittle mode by oxidation degradation of the polymer. The transition between Stages Il and Il
may sometimes be difficult to clearly define. Karlsson, et al. (1992) found that the formation of
carbonyl groups which resulted from the oxidation degradation of polyethylene took place much
earlier than the onset of Stage Ill. However, due to the low applied stress, it took a longer time

for the pipe to fail than at a high applied stress.

100 A = depletion time
of antioxidants
B = induction time to onset

of polymer degradation

|
|
|
|
“““ i C = time to reach 50%
I degradation of a
| particular property
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(¢}
o
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Fig. 2.19 — Three conceptual oxidation stages of HDPE
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Fig. 2.20 — Three potential failure stages in pressure testing of smooth wall pipes
By comparing Figs. 2.19 and 2.20, the onset of the Stage Il is within Stage C, while the exact

position is dependent on the applied stress. Importantly, the onset of the Stage 11l must be well

beyond the design life of the application under consideration. Gedde’s data show that for gas
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pipe with appropriate antioxidants and good stress crack resistance properties, the onset of
Stage Il can be predicted to 1000 years at 20°C in water and/or air environments. However,
without antioxidants, the onset of Stage Ill shortens to 11 years (Viebke, et al, 1994). Janson
(1995) extrapolated the onset of Stage Il using test data that were presented by Gaube’s group
(Gaube, et al, 1985) and predicted 500 years at 20°C; however, the types of antioxidants in the

tested pipes were not presented.

The published data on pressurized pipes clearly demonstrates the importance of the antioxidant
package in the long-term performance of HDPE pipes. It is anticipated that this importance
holds for corrugated drainage pipes with design life of 100-year. The complicating issue,
however, is that there are many types of antioxidants from which different formulations can be
generated to target performance requirements. Furthermore, each antioxidant formulation
probably performs differently under air and water environments and must be evaluated
accordingly. Fig. 2.21 shows the antioxidant depletion with time of five different
geomembranes with unknown antioxidant formulations. The data indicate that Geomembrane E

contains very different antioxidant than the other four (Hsuan and Guan, 1998).
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Fig. 2.21 — Depletion of antioxidants with time for five HDPE geomembranes
with unknown antioxidant formulations

The pressurized pipe test is an ideal performance test that challenges the antioxidant properties
and SCR simultaneously. However, it requires long testing times (on the order of years) to
generate sufficient data for analysis. Alternatively, short term accelerated tests have been

developed to verify the oxidation resistance of the material (Hsuan and Koerner, 1999). The
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approach of the short term accelerated tests is to evaluate antioxidant performance and stress

cracking separately.

4.2 Methods to Evaluate Antioxidants

For assessing antioxidant content in HDPE corrugated pipes, two tests are available. They are
oxidative induction temperature (IT) and oxidation induction time (OIT). A brief description of

each of the tests is presented below:

e IT — This is a dynamic test performed by heating the test specimen under air at a heat rate
of 10°C/min until oxidation of polymer takes place. The test procedure is described in ASTM
D 3350, but there is no separate ASTM standard written on this method. In ASTM D 3350,
a 220°C IT value is specified to ensure sufficient antioxidant in the resin. However, the
implication of the specified value in regard to the long-term oxidation resistance of the pipe

is not stated.

o OIT — The test procedure is described in ASTM D3895. The test measures the time for the
polymer to oxidize at a constant temperature of 200°C under oxygen atmosphere. The test
is well-established as one of the analytical tools used to evaluate the amount of antioxidants
in the polymer. The test has been used to investigate the antioxidant package in hot water
pressure pipes (Karlsson, et al, 1992, Smith, et al, 1992, and Veibke and Gedde, 1998) as
well as to assess and predict the lifetime of antioxidants in the HDPE geomembranes
(Hsuan and Koerner (1999) and Sangam and Rowe (2002)).

The correlation between IT and OIT results was recently investigated on four different grades of
polyethylene by Schmid and Affolter (2002). They found that the IT test results exhibited a
significantly lower standard deviation in both repeatability and reproducibility than OIT.
However, the sensitivity of the IT decreases significantly with rising temperature, as shown in
Fig. 2.22. A similar finding was also observed by Karlsson, et al, 1992, as shown in Fig. 2.23.
Also note that the specified IT value of 220°C in ASTM D3350 corresponds to approximately 10

minutes or less OIT based on these two graphs.
The IT test seems to be suitable for QA/QC of antioxidants in the pipe due to its low standard

deviation. However, the sensitivity of the test decreases significantly when the IT value exceeds

approximately 230°C. This corresponds to an OIT value between 10 and 20 minutes. Thus, for
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pipes with OIT values longer than 20 minutes, the OIT test is the appropriate choice.

result, the OIT test and its results will be used for the purposes of this study.
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Fig. 2.22 — Correlation between OIT and IT of four polyethylene grades

210

lm A A A A A A A A
0 0 2 X & H @& W XN D

OIT (min)

- - »

Fig. 2.23 — Correlation between IT and OIT

As a

58



Draft Final Report

4.3 Accelerated Oxidation Tests

The lifetime of the antioxidants and oxidation lifetime of corrugated pipes can be predicted using
accelerated tests on the basis of time-temperature superposition. An important consideration in
an acceleration test is that the incubation environment should reflect the field condition of the
pipe as close as possible. For corrugated drainage pipes, saturated soil should surround the
outside of the pipe and circulating water should be inside the pipe. The interior of the
corrugations is probably partially filled with static water. As can be suspected it is very difficult

to set up a laboratory test to simulate such field conditions. It is clearly not a QA/QC test.

Complete simulation aging test is expensive and time consuming; thus, a more simplified
incubation methods are developed. While the simplified methods still based on elevated
temperature, their incubation is more straightforward and can be done within the constraints of
this project. One is based on air incubation (in forced air ovens) and the other is water

incubation (in hot water baths). Both will be described following.

4.3.1 Accelerated Oxidation in Air

Oven aging is the most widely used acceleration method to evaluate oxidation degradation of a
wide variety of polymers. Test specimens are placed in a forced air oven at an elevated
temperature to accelerate oxidation reactions. A minimum of three elevated temperatures
should be utilized for the Arrhenius prediction method. In this laboratory test, a single elevated
temperature was used for a preliminary evaluation. Samples taken from the two corrugated
pipes (P-1 and P-2) were incubated in a forced air oven at 85°C. Specimens were retrieved
from the crown and liner locations of the incubated pipe samples and were evaluated by the OIT
test at different intervals. The resulting OIT depletion curves are shown in Figs. 2.24 and 2.25
for sample P-1 and P-2, respectively. For P-1 pipe, the antioxidant depletion rates of pipe liner
and pipe crown are basically the same. Comparing the depletion rates of antioxidant in the liner
part of P-1 and P-2, they are relatively similar. Some difference can be seen between these two
parts in the P-2 pipe. The cause for the difference depletion rates in liner and crown of P-2 is

unclear, since the thickness of these parts is relatively similar.
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Fig. 2.24 — OIT depletion curve of P-1 in a forced air oven at 85°C
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Fig. 2.25 — OIT depletion curve of P-2 in a forced air oven at 85°C

4.3.2 Accelerated Oxidation in Water

Certain types of antioxidants can be extracted by the surrounding water or can react with water
in a process called hydrolysis. In this acceleration method, samples taken from the two
corrugated pipes (P-1 and P-2) were incubated in a water bath at 85°C. Specimens were
retrieved from the crown and liner locations of the incubated pipe samples and were evaluated

by the OIT test at different intervals. The resulting OIT data are shown in Figs. 2.26 and 2.27
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for Samples P-1 and P-2, respectively. On the same graph, the OIT depletion curves in air are
superimposed to observe the effect of incubation environment. Here it is seen that the
antioxidant depletion rates are significantly faster in water than in air, confirming the interactions
between water and the antioxidants in these two pipes. Similar results were also observed in
gas pipes. For example, Smith, et al. (1992) found that the antioxidant depletion rate is three

time faster in water than in air.

After 90 days, however, the antioxidant depletion rates in water become almost constant and
the OIT retained values maintain at 10 to 20%, entering the induction stage (Stage B) of the
oxidation process. During the induction stage, the material properties remain essentially
constant. Figs. 2.28 and 2.29 show the tensile properties (break strength and break elongation)
and melt index (which is qualitatively related to the molecular weight) throughout 300 days of
incubation, and the properties remain largely unchanged. The long induction stage in the water
environment results from the low oxygen content which is less than 8% in water compared to to

20% in air; subsequently, the oxidation rate decreases significantly.

120% —e—Liner_Air
100% —o— Liner_Water
_ —=— Crown_Air
& 80% I —o— Crown_Water
g h
‘T 60%
(0]
e
S 40% &

20% B

0% T T T
0 100 200 300 400

Incubation Time (day)

Fig. 2.26 — OIT depletion curves in air and water at 85°C of P-1
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Fig. 2.27 — OIT depletion curves in air and water at 85°C of P-2
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Fig. 2.29 — Material properties of P-2 versus incubation time in water at 85°C

The oxidation process in water and air environments can be schematically shown in Fig. 2.30.
The duration of Stage A is expected to be longer in air than in water. On the other hand, Stages
B and C would be significantly longer in water than in air, due to the limited available oxygen

content in the water.
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Fig. 2.30 — Three conceptual degradation stages in air and water incubation
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For OIT testing in the previous sections of the report, the specimens were taken across the
thickness of the incubated samples. The resulting OIT value represents the average amount of
antioxidants remaining in the specimen. Concern has been raised regarding the oxidation
status on the surface of the specimen. The Fourier Transform Infrared (FTIR couple with
Attenuation Total Reflection device using a Germanium crystal) was used to analyze the
specimen’s surface. Sample P-1 after incubation in 85°C water for 2341 hours was analyzed at
three locations: at the surface, 0.5 mm and 1 mm from the surface of a 2.5 mm thick specimen.
The resulting FTIR spectra are shown in Fig. 2.31 together with the spectrum obtained from the
original non-incubated sample. The peak at 1730 cm™ would be expected from the carbonyl
functional group in oxidized HDPE materials. As seen on the graphs, no peaks at this
wavenumber was seen in any of the locations. Thus, this issue of surface degradation does not
appear to be a concern. The broad peak around 1000 cm-1 is resulted from the oligomers of
polyethylene (PE). It is believed that the very low molecular weight polymer diffused to surface

during the high temperature incubation.
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2.31 — FTIR spectra of sample P-1 after incubation in 85°C water for 2341 hours
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4.4 Determining the Initial Oxidative Induction Time Value

The determination of the minimum amount of antioxidants in the corrugated HDPE pipes should
not be solely based on data from the water incubation environment performed in this study,
because the outer surface of the pipe is surrounded by saturated or partially saturated soil. The
assessment should consider both water and soil environments. However, there is no such data
available for corrugated HDPE pipes. There is, however, considerable data for incubation in soll
HDPE geomembranes (Hsuan and Koerner, 1998). Samples of a HDPE geomembrane were
incubated in a specially designed chamber exposing to saturated soil above and dry soil
beneath the sample under a compressive stress of 260 kPa at temperatures of 55, 65, 75, and
85°C. Incubated samples were retrieved from the chamber over time and their properties were
evaluated. Also samples from the same HDPE geomembrane were incubated in water baths at
the same four temperatures. The OIT value of the incubated samples was monitored with time

and their relationship is expressed by Eq. 2.10 in both soil and water incubation environments.

OIT = P* exp(- S*) Eq. 2.10

where:

OIT = OIT time (min)

P = original OIT of the geomembrane (min.)
S = OIT depletion rate (min/day)

t = incubation time (days)

The depletion rate can be determined from the slope of the line by plotting In(OIT) versus
incubation time for each incubation temperature. By then applying the Arrhenius Equation, Eq.
2.11, the antioxidant depletion rate at site specific temperature, such as 23°C, can be predicted.
As shown by Hsuan and Koerner (1998), the predicted antioxidant lifetimes (time to reach 0.5
minutes of OIT) for these HDPE geomembranes are 200 and 55 years for soil and water

incubations, respectively.

S = A*exp(-E/RT) Eq. 2.11

where:
S = OIT depletion rate
E = Activation energy of the antioxidant depletion reaction (kJ/mol)
R = gas constant (8.31 J/mol.K)
T = test temperature in absolute Kelvin (degrees K)
A = constant
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The two predicted lifetimes are then used to estimate the required OIT value necessary for 100
years lifetime. Fig. 2.32 shows the In OIT versus predicted lifetime plot for water and soill
incubations. The soil/water line was generated by taking the average of the two, i.e., 127 years.
The created soil/water line was then shifted to 100 years lifetime, and the corresponding OIT at
zero years is 25 minutes. Thus, the minimum required OIT value in the same HDPE
geomembrane to ensure 100 years antioxidant lifetime is 25 minutes. However, it should be
emphasized that this is a rather conservative approach. As illustrated in Fig. 2.29, the
properties do not decrease immediately after the depletion of antioxidant. The lifetime (typically
defined at 50% change in tensile properties) would be much longer than 100 years, depending

on the site conditions.
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Fig. 2.32 — Plot In(OIT) versus predicted lifetime

4.5 Assessing Oxidation Resistance

It is important to recognize that the OIT value of unaged pipes do not totally reflect the
performance of antioxidants, since certain antioxidants can produce a high OIT value at the test
temperature of 200°C. In order to properly assess the antioxidant package, the depletion rate of
antioxidants should also be determined by measuring the OIT value after a given incubation

duration (the slope of the line in Fig. 2.31).

The incubation duration is based on 100-year lifetime of antioxidants at site temperature of

23°C. A corrugated HDPE pipe sample was immersed in a water bath at a temperature of 80°C.
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The duration of the incubated was obtained based on the Arrhenius equation and is 187 days,
as shown in the following calculation, Eq. 2.12. An activation energy of 75 kJ/mol for the
unstabilized polyethylene was used as a conservative approach. (Note that the activation
energy of stabilized HDPE is 110 kJ/mol.)

876000nhr exp'— E 11
t | R (80+273K 23+273K
876000hr [ —75000J/mol 1 1
=exp - Eq. 2.12
t 1 8.341)/mol —K | 80+ 273K 23+ 273K

t =6346hr (264days)

Furthermore, a constant tensile stress of 250 psi is applied to the specimen during incubation to
reflect the long-term tensile stress in the pipe under field conditions. The OIT retained value
after 264 days of incubation should be 3-minute which is the value resulting from Samples P-1
and P-2.

4.6 Summary of Laboratory Oxidation Resistance Evaluation

This preliminary study on oxidation resistance of two HDPE corrugated pipes was evaluated via
the depletion of antioxidants under water and air environments. The results indicate that the
depletion of antioxidants is significantly faster in water than in air. However, the onset of

oxidation is suppressed due to the limited oxygen content in the water.

The initial OIT value of 25 minutes in the corrugated HDPE pipe samples was determined using
data from HDPE geomembranes under a soil/water environment. The antioxidant depletion rate
was assessed in a water environment at 85°C under 250 psi tensile stress. After 187 days of

incubation, the OIT retained should be 3-minutes.
A Florida Method of Test FM 5-574 was developed to describe the laboratory evaluation on the

oxidation resistance of corrugated HDPE pipe, including the determination of depletion rate of

antioxidants, lifetime of antioxidants, and oxidation lifetime of the pipe.
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5. LABORATORY TESTS TO EVALUATE LONG TERM DESIGN PARAMETERS
OF HDPE CORRGUATED PIPES

5.1 Background

The current design parameters for corrugated HDPE pipe specified by AASHTO Section 17 is
shown in Table 2.10.

Table 2.10 — Mechanical Properties for Design Corrugated HDPE Pipes

Short Term Properties 50-year Long Term Properties
Tensile Strength | Modulus of Elasticity | Tensile Strength | Modulus of Elasticity
3,000 psi 110,000 psi 900 psi 22,000 psi

The short term tensile strength and modulus of elasticity are taken from the material
specification ASTM D3350 based on a cell class of 335400C. Using compressive molded
plagues (and not the finished pipe), the extrusion processing effects are not present. A part of
this section of the laboratory tests is to investigate the possible differences in mechanical

properties between compressive molded plaques and the as-manufactured pipe materials.

For the long term property values, AASHTO Section 17 states that “these values are derived
from hydrostatic design bases (HDB) and indicate a minimum 50-year life expectancy under
continuous application of tensile stress”. Thus, the values listed in Table 2.10 were obtained
under a creep mode. Since HDB testing was removed from the AASHTO Section 18 Bridge
specification after 1996, the verification of the long term properties is questionable.
Furthermore, the HDB test is not the appropriate test to evaluate corrugated pipes, since

corrugated pipes are not subjected to constant internal pressure during service.
In this portion of the project, an alternative creep test is presented to determine the long-term

tensile strength of pipe. In addition, the long-term modulus value is evaluated based on stress

relaxation mode instead of creep mode to reflect the in-situ condition of the pipe.

5.2 Tensile Properties of Pipes

The short term tensile strength listed in Table 2.10 is obtained from test specimens taken from

compression molded plaques of pure resins; hence, the effects of the pipe manufacturing
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process and carbon black additives on the tensile properties are not considered. For the
evaluation the tensile properties of the finished pipe, the liner part of the pipe is utilized for the
test. ASTM D638 was used to test the pipe liner. Depending on the width of the liner between
two junctions, either Type VI or V die was used. Table 2.11 shows the appropriate types of dies
to be used to evaluate tensile properties of the pipe liner. The tensile specimens shall be
oriented along the longitudinal axis of the pipe. Both Types IV and V tests shall be performed at
a strain rate of 2 inch/min. The gauge lengths are 2.5 inches and 0.3 inch for Type IV and Type

V tests, respectively.

Table 2.11 — Type of Die used in ASTM D 638 for Different Pipe Diameters

Pipe Diameter (inch) Type of Die used in ASTM D 638
18 t0 42 Type V
48 to 60 Type IV

A comparison of tensile properties between molded plaque and pipe liner was carried out on
pipes P-1 and P-2. Table 2.12 shows the average tensile strength value of the tests. The data
in Table 2.12 indicate that the tensile strength of Type V die is slightly higher than that of Type
IV. The factor is approximately 1.04. In addition, the tensile strength of the pipe liner is slightly
lower than that of the corresponding molded plaque based on Type V tensile tests. The
difference between these materials is not the same for pipes P-1 and P-2. This suggests that

the tensile strength is affected by the pipe manufacturing process, but not significantly.

Table 2.12 — Average Tensile Yield Strength from Molded Plaque and Pipe Liner

Test Material Type IV Type V
P-1 (plaque) 4043 4155
P-1 (liner) 3625
P-2 (plaque) 3688 3867
P-2 (liner) 3578

5.3 Long-term Tensile Strength

As stated in Section 5.1, the 50-year long-term tensile strength of 900 psi was obtained using
the HDB test (ASTM D 2837). The test provides the procedure to extrapolate test data to 50

years. However, the HDB test does not reflect the service performance of corrugated pipe, and
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the test cannot be performed on corrugated pipes. Therefore, an alternative method must be

employed to assess the long term tensile strength of corrugated pipe.

A new test, Florida Test Method FM 5-575 entitled, “Creep Rupture of Corrugated Pipe Liner
Tensile Specimens”, basically follows the concepts of ASTM D 2018. The appropriate type of
tensile specimens (see Table 2.11) shall be removed from the liner part of the corrugated pipe
in the orientation parallel to the longitudinal axis of the pipe. The un-notched tensile specimens
are subjected to a range of applied stresses in order to establish the stress-failure time curve in
a water or air environment. Elevated temperatures from 50 to 80°C can be used to accelerate

the creep mechanisms.

Fig. 2.33 and 2.34 are published data on hydrostatic burst test results of HDPE smooth pipes
(Popelar et al., 1991). The burst tests were performed at four different temperatures and their
stress versus failure time were plotted in a log-log scale, as shown in Fig. 2.33. By applying the
appropriate shift factors, the elevated failure points were shifted to 20°C, as shown in Fig. 2.34.
The resulting master curve at 20°C consisted of data extending to 100 years. The same
methodology can be applied to corrugated pipe using the tensile creep data. The prediction
procedures are described in the Florida Test Method FM 5-576 entitled, “Determining the Long-
term Tensile Strength of HDPE Corrugated Pipe”.
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Fig. 2.33 — Hydrostatic burst pressure test data on smooth HDPE pipes
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Fig. 2.34 — Obtaining master curve by shifted data in Fig. 2.33 to 20°C

5.4 Flexural Modulus of Pipes

The flexural modulus listed in Table 2.10 represents the 2% secant modulus of a 3-point
bending test according to ASTM 790, Method 1-Procedure B. The test material is obtained by
compression molded resin material and not the finished pipe. However, the 3-point bending test
is not suitable to evaluate pipe liner of different size diameters. For small diameter pipes (less
than 24 inches), the length of the liner between corrugations is too short for a 3-in long bending
specimen. In addition, the liner thickness for small diameter pipes is too thin to be tested using
the 2 in. span distance as defined in the ASTM 790.

For finished pipes, the method to evaluate the flexural modulus is ASTM 2412. In Appendix X2
of the standard method, the relationship between pipe stiffness and flexural modulus at a given

deflection is expressed as Eq. 2.13.

El = (SF) = 0.149r° (PS) Eq. 2.13
Where:

E = flexural modulus (Ib/in?)
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| = moment of Inertia = /12 (in®)

t = wall thickness of the pipe (in)

r = radius of the pipe (in)

PS = pipe stiffness = F/Ay (as determined by test) (Ib/in/in)
F =load per liner inch (lb/in)

Ay = vertical deflection (in)

A comparison was made on the difference between 2% secant modulus and flexural modulus at
2% vertical deflection using pipe P-2. A force versus deflection curve of P-2 was provided by
the pipe manufacturer. The inner diameter of the pipe is 24 in. and the length of the test pipe is
27 inches. To achieve 2% vertical deflection, Ay shall be 0.48 in. Using Eq. 2.13, the calculated
flexural modulus value for P-2 is 109,000 psi, whereas 2% secant modulus of the P-2 pipe
plague was measured to be 118,000 psi. These two flexural modulus values are relatively

similar considering that they are obtained from two very different tests.
5.5 Long-term Flexural Modulus

For the evaluation of flexural modulus of finished pipes, the parallel plate test (ASTM D 2412) is
the only standard available. The test should be carried out at a deflection of 5%, which is the
maximum allowable deflection value under a stress relaxation mode to reflect the condition of
the pipe in the field throughout its service life. However, the test would be impractical for large
diameter pipes, particularly so when testing utilizes a series of elevated temperatures. An
alternative test to assess flexural modulus of finished pipes should be investigated. Gabriel and
Goddard (1999) developed a curved beam test using a half pipe specimen to simulate the
parallel plate test. They also performed stress relaxation tests on seven different half pipes
using the curved beam test. However, the tests were carried out at room temperature, making a

100-year exploration questionable.

Due to the short duration of the project, long term stress relaxation tests based on ASTM D
2412 were not performed. On the other hand, stress relaxation tests were performed using a
Dynamic Mechanical Analyzer (DMA) to illustrate the concept of Time-Temperature

Superposition (T-T-S) from which a master curve at the site temperature can be obtained.

DMA tests were performed using pipe liner material from pipe P-2. The specimen was clamped

between two mechanical arms, as shown in Fig. 2.35. Bending was introduced to the test
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specimen.

The deformation of the test specimen is illustrated in Fig. 2.36

The “X” is the
bending deformation which was 0.04%.

Figure 1.6
DMA Internal Componenis

Fig. 2.35 — Configuration of specimen clamping system in DMA
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Fig. 2.36 — Deformation of the test specimen in DMA
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The stress relaxation tests were carried out at temperatures from 27.5 to 65°C at 7.5°C
increments. The duration of each test was 10 hours. Fig. 2.37 shows the stress relaxation
curve at each temperature. The six curves were then shifted using the T-T-S software provided
by the DMA manufacturer (TA Instruments). The resulting master curve at 27.5°C is shown in
Fig. 2.38. In this set of tests, the master curve was extended to 1.4 years. The same set of
data was also shifted using Popelar factors and the shifted data are shown in Fig. 2.39. The

master curve only extended to 1000 hours, which is much shorter than the T-T-S method.

In the second set of tests, the duration of each stress relaxation test was increased to 16.7
hours. The resulting master curve at 27.5°C is extended to 13 years, as shown in Fig. 2.40.
The long-term relaxation modulus values were 16% and 17.6% at 1.4 and 13 years,
respectively. Table 2.13 shows the short term and long term modulus values. By extrapolating

the curve in Fig. 2.40 to 100 years, the long-term modulus value is approximately 17,000 psi.

HDPE Pipe Material Stress Relaxation Test on DMA983
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Fig. 2.37 — Stress relaxation curves resulted from the DMA test-1
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Master Curve at Reference Temperature 27.5dC
after shifting
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Fig. 2.38 — Master curve at 27.5°C after shifting using the T-T-S software

Master Curve at Reference Temperature 27.5dC
(after C.H.Popelar et al., bidirectional shift)
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Fig. 2.39 - Master curve at 27.5°C after shifting using Popelar factors

75



Draft Final Report

Sample: HODPE Pipe longit. DMA File: C:DATA.014
Size: 25.00 x 12.70 x 1.98 mm D MA Operator: LI
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Fig. 2.40 — Master Curve at 27.5°C from DMA test-2
Table 2.13 — Flexural Modulus obtained from DMA tests
Test-1 Test-2
. . 100 years
Initial 1.4 years Initial 13 years (extrapolated)
113,800 psi 18,250 psi 126,700 psi 22,300 psi 17,000 psi

5.6 Summary of Long-Term Mechanical Properties

The currently specified 50-year properties of HDPE pressured pipes were evaluated based on
the HDB method, which is not suitable for use on corrugated HDPE pipes. In addition, short
term properties were according to the resin cell class defined in the ASTM D 3350, not on the
finished pipes. Laboratory tests were performed to assess the tensile strength and 2% flexural
modulus between compression molded pipe plaque and finished pipe. The differences are
relatively small. However, values from the finish pipe are approximately 10% lower than the
corresponding molded plaque material.
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For long-term properties, tests should be performed using finished pipes. Two new test
methods (FM 5-575 and FM 5-576) were developed to assess long-term tensile strength of
corrugated pipe liner material. For the long-term flexural modulus value of the pipe, the parallel
plate test (ASTM D 2412) is the only standard test and should be used. The test should be
performed under a stress relaxation condition at 5% deflection, at a series of elevated
temperatures, as described in FM 5-577. At this time, the test is limited to pipes 24 inch

diameter and less for practical purpose.

For 100-year properties, both tensile and flexural tests should utilize elevated temperatures to
accelerate the viscoelastic properties and then extrapolate to the site temperature of 23°C using
either the T-T-S or Popelar shift factors. The DMA results suggest that Popelar shift factors
predict a shorter time than the T-T-S due to bi-axial shift.

6. SPECIFICATION

A specification for HDPE corrugated pipes to assure 100-year performance is summarized in
this section. The specification consists of two parts: an interim specification and a full
specification. The details of the interim specification are presented in Table 2.14. The interim
specification focuses on two major properties: stress crack resistance and antioxidant content
and depletion rate. In the interim specification, each required test is based on go-or-no-go
criterion under specific test conditions. The specified values are determined using published

data from other HDPE products.

In the full specification, four properties, stress crack resistance, oxidation degradation, long-term
tensile strength, and long-term flexural modulus are required. The details of the full
specification are presented in Table 2.15. For each property, a set of tests at different
temperatures and/or stresses shall be performed so that the 100-year behavior of the pipe at a

site temperature of 23°C can be extrapolated and determined with confidence.
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Table 2.14 — Interim Specification for Long-Term Performance of Corrugated HDPE Pipes

Stress Crack Resistance of Pipes

Pipe Location

Test Method

Test Conditions

Requirement

Pipe Liner

FM 5-572,
Procedure A

10% Igepal solution at 50°C; 600 psi
applied stress with 5 replicates

Average failure time of the pipe
liner shall be = 17 hours; no
single value shall be less than
12 hours.

Pipe Corrugation*
(molded plaque)

ASTM F 2136

10% lgepal solution at 50°C; 600 psi
applied stress

Average failure time shall be
=24 hours; no single value shall
be less than 17 hours.

Test temperature 80°C and applied
stresses of 650 and 450 psi. Test
temperature 70°C and applied stress

Calculate three constants
Failure time at 500 psi at 23°C

and applied stress of 650 psi; 5
replicates

) o .
FM 5-572, of 650 psi; 5 replicates at each stress2 10.0 years (35% statistical
N Procedure B confidence)
Junction level
and FM 5-573 - -
ASTM D 2837 [Single Test: The failure time must be equal
Test temperature 80°C and applied orlgreatgr thte;]n ttr;]e calcula'f(ed ¢
stress of 650 psi. 5 replicates value using the three constants
' from the three point test
0 .
-srt? Z;;i?g?rgggrgn%o 4%§gcsii§pplled Calculate three constants
Test temperature 70°C at applied Failure time at 5000 pSi aF 23°C
FM 5-572, stress of 650 psi: > 100 years (95% statistical
Longitudinal Procedure C, . pSt; confidence)
S x 5 replicates at each stress level
Profile and FM 5-573 The failure G b I
ASTM D 2837 [Single Test: Test temperature 80°C | 'c 1alure ime mus? ve equa

or greater than the calculated
value using the three constants
from the three points test

Oxidation Resistance of Pipes

Pipe Location

Test Method

Test Conditions

Requirement

. OIT Test . R
él:;;r?nd/or (ASTM D 5ar|ipél)|cates (to determine initial OIT 25 minutes, minimum
3895)
Incubation test[Three samples for incubation of 264
Liner and/or FM 5-574 and |days at 80°C and applied stress of g\iﬁ:?eg: (S(I)TS}I:I?:VS;EQ Zﬁ:"?’
Crown OIT test 250 psi. One OIT test per each be | han 2 g
ASTM D 3895 [sample. € less than 2 minutes)

Note: FM= Florida Method of Test.

* Required only when corrugation resin is different than liner resin.
** A higher test temperature (90°C) may be used if supporting test data acceptable to the State
Materials Engineer is submitted and approved in writing.

78




Draft Final Report

Table 2.15 — Full Specification for Long-Term Performance of Corrugated HDPE Pipes

Pipe
Location

Test Method

Test Conditions

Requirement

Part | — Stress

Crack Properties of Pipe

10% Igepal solution at 50°C

Average failure time of
the pipe liner shall be

Pipe Liner FM 5-572, Procedure A 600 psi applied stress; = 17 hours; no single
5 replicates value shall be less than
12 hours.
Pipe Average failure time shall
Corrugation* 10% Igepal solution at 50°C | be = 24 hours; no single
(molded ASTMF 2136 600 psi applied stress value shall be less than
plaque) 17 hours.
Test temperature 80°C and
applied stresses of 650 and Calculate three constants
Junction®* Z:Y(Iflgf/l?g_’;rg (fsd.:fﬁ g 459 psi; Test temperature Failure time at 500 psi at
2837 70°C and applied stress of 23°C > 100 years (95%
650 psi; 5 replicates at each | statistical confidence)
stress level
. ) The failure time must be
Single Test: equal or greater than the
Test temperature 80°C and q 9 ;
applied stress of 650 psi. 5 calculated value using
replicates the three copstants from
the three points test
Test temperature 80°C and
applied stresses of 650 and
o FM 5-572, Procedure C, 450 psi; Ca_IcuIat_e three Constz_ants
Longitudinal o Failure time at 500 psi at
Profile™* and FM 5-573 Test_temperature 70°C a_lt 23°C > 100 years (95%
ASTM D 2837 applied stress of 650 psi; =~ y °

5 replicates at each stress
level

statistical confidence)

Single Test: Test
temperature 80°C and
applied stress of 650 psi., 5
replicates

The failure time must be
equal or greater than the
calculated value using
the three constants from
the three points test

Part Il — Oxidation Resistance of Pipe

Liner and/or
Crown

OIT Test (ASTM D 3895)

2 replicates (to determine
initial OIT value)

25 minutes, minimum

Liner and/or
Crown

Incubation test FM 5-574,
Procedure A, and
ASTM D 3895

Three samples for incubation
of 264 days at 80°C and
applied stress of 250 psi;
One OIT test per each
sample.

Average OIT value shall
be = 3 minutes (no single
value shall be less than 2
minutes)
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Table 2.15 — Continue

Pipe Location Test Method Test Conditions Requirement

Part Ill — Long-Term Tensile Strength

Liner FM 5-575 and o Creep rupture test in water | o Shift elevated
FM 5-576 at 65, 75 and 85°C temperature
o Generate brittle curve at data to 23°C
each test temperature e Determine
tensile
strength at 100
years
Part IV — Long-Term Flexural Modulus
Pipe FM 5-577 e Stress relaxation test in air | e Shift elevated
from 35 to 85°C temperature
« Obtain the modulus versus | data to 23°C
time curve at each e Determine
temperature modulus value

at 100 years

7. CONCLUSIONS

Four long-term material properties of HDPE corrugated pipes were investigated in this project.
These four properties include stress cracking resistance of the pipe, antioxidant lifetime of the
pipe, long-term tensile strength, and long-term flexural modulus. Based on the results of this

study, the following are the conclusions:

Stress crack resistance (SCR) of HDPE corrugated pipes

i) SCR of the pipe liner is affected by the manufacturing processing

i) Pipe junctions and longitudinal profiles (such as vent-hole) are susceptible to stress
cracking.

iii) Stress crack growth mechanisms are very similar in water and 10% Igepal. The 10%
Igepal solution was shown to accelerate the crack growth 1.7 times faster than water.

iv) RPM is the most reliable method to predict SCR test data at the lower site temperature

from elevated tested temperatures.

Antioxidants stability of HDPE corrugated pipes

i) The types and amount of antioxidants are critical to the overall lifetime of corrugated
HDPE pipe.
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i) Between the OIT and IT methods, the OIT is the appropriate test to assess antioxidants
with OIT values longer than 20 minutes.

iii) Due to interactions between antioxidants and water, the depletion of antioxidants is more
severe in water than in air.

iv) The minimum OIT value of 25 minutes for unaged corrugated HDPE pipes was
determined based on soil/water environment.

v) The maximum antioxidant depletion rate is to be evaluated by incubating pipe samples
under tensile stresses of 250 psi at 80°C water bath for a duration of 264 days. The OIT

retained value shall be 3 minutes or longer.

Long-term tensile strength and flexural modulus

i) The tensile strength of pipe liners are slightly lower than the corresponding molded
plaques.

i) Creep rupture tests on pipe liner at elevated temperatures should be used to determine
the long-term tensile strength.

iii) The flexural modulus of the 3-point bend test from molded plaques and 2% modulus
from parallel plate tests are relatively similar.

iv) Parallel plate tests at 5% deformation under a stress relaxation mode should be used to
determine the long-term modulus value.

v) The master curve generated from Popelar shift factors is more conservative than that

from the time-temperature superposition method.
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