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FO R EWO R D This report documents the validation of the single-point notched constant tensile load
(SP-NCTL) test as a measure of slow crack-growth resistance under sustained loading of
By Staff high density polyethylene (HDPE) resins—including compositions containing postcon-
Transportation Research sumer resins (PCR)—that are intended for nonpressure drainage pipes and the calibration
Board of minimum slow crack-growth resistance requirements with the results of actual experi-
ence. The contents of this report are, therefore, of immediate interest to both highway and
rail transit professionals responsible for designing, installing, inspecting, maintaining, and
upgrading nonpressure drainage pipes. The report is also of interest to those charged with
specifying materials for such pipe, setting budgeting goals, and making policy.

The Geosynthetic Research Institute (GRI) of Drexel University in Philadelphia, Penn-
sylvania, was awarded NCHRP Project 4-24, “HDPE Pipe Material Specifications and Design
Requirements” to undertake this research. GRI was assisted in this effort by Simpson
Gumpertz & Heger Inc. of Arlington, Massachusetts. The research team conducted this
research and authored the report; NCHRP Project Panel 4-24 wrote the scope of work and
reviewed the report, and the necessary majority accepted the report.

The report includes recommended modifications, based on the findings of this
research, to the current AASHTO Standard Specification for Corrugated Polyethylene
Pipe: M 294; AASHTO Standard Specification for Highway Bridges: Section 18; and
AASHTO LRFD Bridge Design Specifications. Among the recommended modifications
are revised resin cell classifications and an additional environmental stress crack resistance
evaluation using the SP-NCTL test. The report also includes recommended minimum fail-
ure times for the SP-NCTL test for resin used in the manufacture of HDPE drainage pipe.
A recommended minimum failure time for the SP-NCTL test is included for resin used to
manufacture Types C- and S- helical pipes to provide a baseline requirement for accepting
possible future overseas HDPE pipe production—this type of pipe is no longer produced in
the United States. The appropriate AASHTO bodies will consider the recommendations
presented in this report, along with other relevant information, before any specification
modifications are adopted.

The report stresses the necessity of controlling procedures for installing HDPE
drainage pipe to control localized overstressing. This research did not investigate smaller
diameter HDPE pipes; therefore, there are no recommendations in the report for pipes less
than 300 mm (AASHTO M 252 Drainage Tubing). Furthermore, at the present time, it is
judged to be premature to recommend the SP-NCTL test be the Stress Crack Resistance test
for finished HDPE corrugated drainage pipes. Since this is the first major investigative
effort designed to relate the results of a crack resistance index test against the quality of field
performance, finer tuning of the minimum slow crack-growth requirements for HDPE resins
intended for use in HDPE corrugated drainage pipe may occur as the technology matures
and as additional observations of field experience are noted.
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SUMMARY

HDPE PIPE: RECOMMENDED
MATERIAL SPECIFICATIONS AND
DESIGN REQUIREMENTS

The objective of this study was to evaluate the stress crack resistance (SCR) of high
density polyethylene (HDPE) corrugated pipes and correlate it with observed field per-
formance. Because of the limitation of the current environmental stress crack resistance
(ESCR) tests (ASTM D 1693), an alternative test, the single-point notched constant
tensile load (SP-NCTL) test (ASTM D 5397-Appendix), was used in the study. The
research further explored the specific conditions of the SP-NCTL test to evaluate HDPE
corrugated pipes and to establish the minimum SCR requirements by calibrating the
test with the field performance of the pipe.

The following steps were taken to accomplish the research objectives:

1.

2.

3.

Discussing the modification of cell classification in different AASHTO specifica-
tions and the recent adoption of a new SCR test (ASTM F 1473) in ASTM D 3350.
Compiling information on the overall performance of HDPE corrugated pipes
through a questionnaire.

Identifying sites with cracked pipes through a second questionnaire developed
specifically for that purpose.

. Performing field investigations at identified sites and collecting data on the pipe

conditions and retrieving cracked pipe samples.

. Conducting laboratory testing to evaluate material properties and the SCR of both

commercially available new pipe samples and retrieved field samples.

. Investigating the effects of orientation, bending, and residual stress on the SCR

of finished pipes.

. ldentifying the appropriate test condition for the SP-NCTL test to be used in

HDPE corrugated materials.

. Establishing the minimum criteria for the SP-NCTL test to quality HDPE corru-

gated pipe resins.

FIELD INVESTIGATIONS

The majority of the responses from the questionnaire expressed a good or satisfactory
experience with the overall performance of the HDPE corrugated pipe. The information
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provided by the second questionnaire indicated 62 sites with problems associated with
deflection, buckling, cracking, and joints. Twenty-nine of these sites were visited, and
pipes at twenty sites showed cracking. Cracking occurred in pipe with profile Types
C-helical and C-annular, S-helical and S-annular, and S-honeycomb, and with diame-
ters ranging from 300 mm to 1,050 mm. Circumferential cracking was the dominant
type, indicating longitudinal stresses. The circumferential cracks in Type S pipes mostly
occurred at the junction of the liner and corrugation. The crack grew from the outer
surface (interior of the void in the corrugation) through the thickness of the liner. In con-
trast, longitudinal cracks propagated through both the liner and the corrugation, poten-
tially allowing infiltration of soil into the pipe. Much of the cracking was associated
with installation problems that led to excessive deflection and buckling or longitudinal
bending. However, there were sufficient cases of cracking under moderate deflection
levels to warrant attention to the material quality and product design, as well as to the
installation procedure and detailing of pipe junctions with rigid structures. Nineteen
pipe samples retrieved from the field were evaluated in various laboratory tests.

LABORATORY TESTING

Fourteen commercially available new pipes and nineteen retrieved field samples were
evaluated for their material properties and SCR. The material properties were assessed
according to the latest AASHTO M 294 Specification. The majority of the tested sam-
ples conformed to the specified values for density, melt index (Ml), flexural modulus,
and tensile yield strength. However, one-half of the new pipes and one-half of the
retrieved pipes failed to pass the current ESCR test, that is, the ASTM D 1693 test. The
results indicate materials that comply with the basic property requirements, such as
density and melt index, do not necessarily meet the SCR criteria. Thus, the SCR of cor-
rugated pipe materials must be evaluated independently.

The SP-NCTL test was performed on the thirty-three pipe samples. The specific
applied stress for the proposed AASHTO recommendations was investigated and a
15% vyield stress was determined to distinguish various resin qualities and to produce
a reasonable testing time. The results of the SP-NCTL test, that is, the failure time at
15% vyield stress, ranged from 0.5 to 1,800 hours, indicating a large variation in SCR
behavior of the tested materials. Materials with longer failure times have a greater SCR
than those with shorter failure times. Data from retrieved field pipe samples indicated
that pipes made from high SCR resins have not exhibited cracking even under a large
deflection. This indicates that the SCR of the pipe resin is an important parameter in
preventing cracking in the field.

A proposal for minimum failure time of the SP-NCTL test for HDPE resins used
in corrugated pipes was established on the basis of data obtained from retrieved pipe
samples as well as on the pipe condition and pipe profile. The specific value is defined
according to the type of pipe profile:

» For Type C- and S-helical pipes, the minimum average failure time is 400 hr;

» For Type C- and S-annular pipes and Type S-honeycomb pipes, the minimum
average failure time is 24 hr; and

« For all types of pipe profiles, statistical variability is accounted for by setting lower
minimum test times for individual tests.

For the finished pipe products, the effect of manufacturing process on the SCR was
evaluated for Type S-annular pipes. However, helical and honeycomb pipes were not
tested. The greatest processing effect was caused by the residual stress in the longitu-
dinal direction of the liner with crack growth from the outer surface through the liner



thickness in the circumferential direction. This suggests that residual stress could be
one of the factors leading to the circumferential cracking observed in the field. Because
of the effect of residual stress, the diper had a shorter failure time than the molded
plague prepared from the same resin material. A maximum reduction factor of 2.3
was found when the test specimens were taken from the pipe liner in the longitu-
dinal direction and notched from the outer liner surface.

The findings of this project document the effectiveness of the SP-NCTL test
in determining the SCR of HDPE corrugated pipe resins. Minimum criteria are
proposed based on the field performance of these pipes. Recommendations for
incorporation into the current AASHTO Standard Specification for Corrugated
Polyethylene Pipe: M 294; AASHTO Standard Specification for Highway Bridges
(Section 18); and AASHTO LRFD Bridge Design Specifications are included as
Appendix I.




CHAPTER1
INTRODUCTION AND RESEARCH APPROACH

RESEARCH PROBLEM STATEMENT 2. Compiled information from state DOTs and other user
agencies on overall performance of HDPE corrugated
High density polyethylene (HDPE) is being used as drain-  drainage pipes and identified sites with pipes exhibit-
age pipe material because it is lightweight, corrosion resis-  ing stress cracking.
tant, easy to install, and has a low maintenance cost. The3. Performed detailed field investigations on selected sites
design of HDPE corrugated drainage pipe is based on the  py collecting data on pipe conditions and by retrieving
assumption that the pipe will deform and thus relieve stress.  cracked samples.
Consequently, ductility is an essential parameter to accom- 4. Using the NCTL test, determined the failure time at
modate allowable deflection during the pipe’s service life. two stress levels in the brittle region for the following
HDPE resins with low ductility can lead to unexpected crack- two groups of materials:
ing in the pipe, brought on by a process called “slow crack  a. Samples from a representative range of resins cur-
growth.” To minimize such cracking, the stress crack resis- rently permitted by AASHTO and
tance (SCR) of HDPE resins must be properly evaluated. b. Retrieved pipe samples.
Currently, the AASHTO Standard for Bridge and Mate- 5. Studied the effect of pipe manufacturing processes on
rial Specifications includes the environmental stress crack  SCR of HDPE resins.
resistance (ESCR) test, ASTM D 1693, as the control to assesss. Analyzed test data and proposed the minimum failure
SCR of HDPE resins. However, the ESCR test has many dis-  time for the SP-NCTL test to ensure SCR of HDPE
advantages that limit the capability of the test. Another test,  resins used in corrugated drainage pipes.
Hydrostatic Design Basis (HDB), was recently removed from 7. Developed drafts of modified AASHTO specifications
the AASHTO bridge design specifications (Section 18, Soil- to include the SP-NCTL test requirements.
Thermoplastic Pipe Interaction Systems) because of its restric-
tiveness and impracticability for drainage pipes. Therefore, a
more practical and reliable test protocol is needed to qualiffESEARCH APPROACH
resins with acceptable SCR under sustained tensile Ioading.Th h h for thi act included develon-
The notched constant tensile load (NCTL) test, ASTM D, € research approach for this project included develop
5397, which was originally developed for HDPE geomem—Ing questionnaires to gather mforr_natlon on the overgll per-
branes, has been found to be applicable in distinguishinfs(i)rmance ofHDPE_corrugated drainage pipes and to |dent_|fy
. . ! . tes where cracking had been observed. These question-
SCR of HDPE drainage pipe materials. The abbreviated ver-_. ) :
. : : : . _haires served two purposes: (1) to document the experiences
sion of the test, that is, the single-point (SP-NCTL) test, which . PR :
. . of users and (2) to identify sites where cracked pipes were
was developed for quality control and quality assurance, can : o S
be modified for HDPE drainage pipe materials. locat_e_d. From th_e_ responses, s!tes for f|eI(_j |nvest|gat|on were
identified and visited. Information regarding the field envi-
ronment and pipe conditions was recorded. Some of the
retrieved field samples were selected for further material
OBJECTIVES evaluation in the laboratory.
The evaluation of basic material properties and SCR was per-
The objectives of this project were to explore and, if approformed on both the retrieved field pipe samples and commer-
priate, validate the SP-NCTL test as a qualitative predictor ofially available new pipe materials. The criteria for assessing
SCR for HDPE resins used in corrugated pipes and to detamaterial properties were in accordance with the latest AASHTO
mine the minimum SCR requirements by correlating the tes¥l 294 Specification. Regarding the SCR property, a system-
data with field performance of the pipe. To accomplish thesatic study was carried out on the NCTL test so that the appro-
objectives, the following tasks were performed: priate applied stress for the SP-NCTL test could be specified.
The minimum failure time for HDPE corrugated pipe resins
1. Searched published and unpublished information twvas established by analyzing the SP-NCTL test data obtained
establish the current practice for defining acceptablérom retrieved field samples. Finally, the related sections in

HDPE resins used in the corrugated pipes. various AASHTO specifications were modified accordingly.




CHAPTERZ2

FINDINGS

DEVELOPMENT OF THE SPECIFICATION limited to 0.955 g/cc. This eliminates homo-polymers and
FOR HDPE CORRUGATED PIPES very high density co-polymers, which are extremely sensitive

o o to stress cracking, from being used in this type of product. For
Four AASHTO specifications currently specify high den-g,e \) 5 lower range is selected, which will ensure the use of

sity polyethylene (HDPE) resins for corrugated drainage pipeg rejatively higher molecular weight resin, subsequently
used in transportation applications: improving SCR. Although both density and Ml requirements

o are modified, they will not guarantee the SCR of the r&gin (
* AASHTO M 252 Standard Specification for Corrugated |n summary, the revised cell classification shows an

Polyethylene Drainage Tubing, improvement in the density and MI properties by defining a
* AASHTO M 294 Standard Specification for Corrugatedstricter specific range. However, the SCR requirement of
Polyethylene Pipe, Section 18 was actually lowered by removing the HDB test.

* AASHTO Standard Specification for Highway Bridges ynder these circumstances, a study focusing on the SCR of

(Section 18), and _ - HDPE corrugated pipes seems to be appropriate.
* AASHTO LRFD Bridge Design Specifications.

Specifications M 294 and Section 18 are for pipe diameOVERVIEW OF STRESS CRACK
ters larger than 300 mm, which are commonly used in crod3ESISTANCE TESTING
drain and culvert applications. Pipes used in those applica-

tions are the primary focus of this research project. : L :
Prior to 1996, the material requirements in the M 294 anﬁij alifour AASHTO specifications is based on ASTM D 3350.

Section 18 Specifications were not identical, as pointed out ny chan.g.e n this standard could have an impact on these
the NCHRP Project 20-7 Task 68, by Gabriel etil.4 set our specifications. In 1997, ASTM D 3350 adopted a new
of specified cell class was defined in the specifications bas&gSt: ASTM F 1473 (PEN tes) to evaluate the SCR of poly-
on ASTM D 3350. Table 1 shows the old cell class of thesEtNYIEN€ gas pipes. Subsequently, the cell class table of the
two specifications. Also shown in Table 1 is the newly revisegt@ndard was modified, as shown in Table 2. Irrespective of
cell class, which is encompassed by both M 294 and Sectidf€ SCR property, there are two methods included in the stan-
18. The most noticeable difference between the two old ceflard- These are the ESCR test (ASTM D 1693) and the
classes is the stress crack resistance (SCR) requirement RNt€St (ASTM F 1473). The ESCR test is used to evaluate
Standard M 294, ESCR test was the only requirement with gorrugated HDPE pipe resins. The PEN test is mainly used
criterion that allows 50% of the specimens to fail at 24 hPY the pressure pipe industry.
under Condition B. In contrast, Section 18 required the ESCR However, there are some disadvantages to the ESCR test.
and HDB tests to assess the SCR of the pipe resin and pi be three major problems associated with the test are as
product, respectively. For the ESCR test, the criterion allowllows:
50% of the specimens to fail at 48 hr under Condition A.

The two different ESCR test requirements created some * The failure time of an individual test specimen cannot
confusion and controversy. Condition A of the ESCR testis  be recorded.
performed on a thicker specimen than for Condition B. For * There is a large standard deviation value.
the same resin, testing under Condition A is less severe than® The actual stress condition varies throughout the test and
Condition B @). However, Section 18 requires pipes to have  is not known, because of stress relaxation in the material.
a HDB value of 6.89 MPa to ensure that no brittle cracks
occur within 50 years of service. This raises the SCR require- On the other hand, the PEN test is designed to evaluate
ment for Section 18. In the new unified specification, théhe SCR of HDPE resins used in pressure pipes for quality
HDB test was removed and a higher ESCR cell class wamntrol (QC). An aggressive test condition is configured so
adopted. Furthermore, density and melt index (Ml) are madihat a relatively short failure time can be achieved. The test
stricter in the revised cell class. The upper density range is performed at a temperature of 80°C, which is the maxi-

As stated in the previous section, the material requirement



TABLE 1 Changes in cell classification in AASHTO M 294 and

Section 18 Specifications

Property Density MI Flexural Yield ESCR HDB
Modulus Strength
ASTM (D1505)  (D1238) D790) (D638) (D3895) (D2837)
Method (glee) (g/10min)  (MPa) (MPa) (MPa)
AASHTO M 294 (prior to 1996)
3 2 4 4 2 0
0.941 - 1.0- 552 - 21 - condition B
0.955 04 758 24 50% at 24 hr

Note: Compounds that have higher cell classifications in one or more properties are acceptable

provided product requirements are met.

AASHTO Section 18 (prior to 1996)

3 1 5 4 1 2
0.941 - >1.0 758 - 21 - condition A 6.89
0.955 1103 24 50% at 48 hr
Revised Cell Class for both M 294 and Section 18
3 3 5 4 2 0
0.945 - <04- 758 - 21 - condition B
0.955 0.15 1103 24 50% at 24 hr
TABLE 2 Newly adopted cell class table for ASTM D 3350
Property Test Method 0 1 2 3 4 5 6 7 8 9
1. Density D 1505 Unspecified 0.910 - 0.926- 0941- >0955 Specify value
(g/cc) 0.925 0940  0.955
2. MeltIndex D 1238 Unspecified >1.0 1.0- <04 <015 Specify value
(/10 min) 0.4 - 0.15
3. Flexural D 790 Unspecified <138 138 - 276 - 552 - 758 - >1103 Specify value
Modulus(MPa) 276 552 758 1103
4. Yield D 638 Unspecified <15 15-18 18-21 21-24 24-28 >28 Specify value
Strength (MPa)
5. Resistance to Slow Crack Growth
Method A (hr): F 1473  Unspecified 0.15 1 3 10 30  Specify value

Compression mold

2.4 MPa, 80°C

notch depth (Table 1 in F1473)

Method B: D 1693 Unspecified

a. Test condition A B C C

b. Test duration (hr) 48 24 192 600

¢. Failure, max, % 50 50 20 20
6. Hydrostatic D 2837 Unspecified  5.52 6.89 8.62 11.03

Design Basis
(MPa) 23°C

Specify value

Specify value
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mum allowable test temperature limit for SCR tests withoutte sites for sampling and subsequent evaluation of field
changing the property of the material. Further, the slow cooinstalled pipe. Approximately 400 questionnaires were sent
ing rate used in the compression plaquing procedure (i.€g the 50 state DOTS, to federal and local agencies, and to
overnight cooling) yields a very high crystalline material;engineering consultants. Manufacturers of corrugated HDPE
thus, the SCR of the material decreases. Itis believed that thigpes and manufacturers of competing products made up a
test is probably too severe for HDPE corrugated pipe resirlarge portion of the mailing list. This approach allowed the
because it may result in an extremely short failure time.  research team to seek out owners and field sites representa-
Besides these two SCR tests, an alternative test to evaliive of both sides of the controversial issue regarding the
ate the SCR of polyethylene is the notched constant tensif&CR property of the resin. At least one contact was identified
load (NCTL) test (ASTM D 5397). For QC and quality assur-in each state DOT. The contacts within municipal, county,
ance (QA) purposes, an abbreviated version of the test,aad private organizations were largely supplied by manufac-
single-point (SP) NCTL test (ASTM D 5397-Appendix) was turers of competing products.
also developed. The NCTL test was originally designed for Questionnaire No. 1 was developed to assess the general
evaluating SCR of HDPE geomembranes. The test enviroexperience of owners and engineers with corrugated HDPE
ment is less aggressive than the PENN test because it usgsiges. Information requested included the type, diameter, and
lower testing temperature of 50°C. To achieve a reasonablgngth of pipe installed in an owner’s systems, or under a con-
short failure time, a surfactant (10% Igepal solution) is usedultant’s specifications, and a general assessment (good, sat-
to accelerate the crack growth. The development of thgfactory, or unsatisfactory) of experience with the product.
NCTL test was based on a research study funded by the U.S.Questionnaire No. 2 was developed to identify sites with
Environmental Protection Agency. In the study, the relationeracked pipe that might be appropriate for inclusion in the
ship between failure times obtained from the NCTL test angesting program. Details sought on Questionnaire No. 2
HDPE geomembrane performance in the field was estalncluded information on the condition of the pipe that may
lished @). A specification for HDPE geomembranes washave contributed to cracking, such as age, fill height, deflec-
developed from the findings of the study. tion, buckling, longitudinal bending, and joint problems. All
Recently, both the NCTL test and the SP-NCTL test wereespondents to Questionnaire No. 2 also completed Question-
used in a research study to evaluate polyethylene materigigire No. 1. The two questionnaires are included as Appen-
intended for pipe applicationS)( Materials included in the dix A of this report, which is not published herein.
study involved pressure rated HDPE virgin resins, nonpres- A total of 114 responses to Questionnaire No. 1 were
sure rated HDPE resins, and postconsumer resins (PCR). TR&eived. The questionnaire responses are summarized in
study demonstrated that the SP-NCTL test could effectivelyppendix B, Table B-1, which is not published herein. The
diStingUiSh the SCR of tested materials, particularly by th@najonty of the responses were provided by personne| work-
addition of PCR. ing for state DOTS, cities, or counties. Six states expressed
The focus of this project was to further explore the applifimited or no usage of HDPE corrugated pipes. The overall
cability of the SP-NCTL test regarding the SCR of HDPEperformance experience of five groups: federal agencies,

corrugated pipes. state DOTSs, cities, counties, and consultants, are presented in
Table 3. Of these groups, only the state DOTSs represent a fairly

FIELD PERFORMANCE OF HDPE complete population of possible respondents, that is to say,

CORRUGATED PIPES most states are represented. Because the other four groups rep-

resent only a small portion of a possible population and were
Questionnaires were developed to (1) assess the perfaelected to help locate sites with cracked pipe, the responses
mance of HDPE corrugated pipes and (2) identify approprishould not be considered as representative of the entire group.

TABLE 3 Percentage of responses and general experience from each sector of
the sources (information was based on data obtained from Questionnaire No. 1)

Source No. Of Experience (%)*
Responses

(%) Good Satisfied Unsatisfied np’

DOT 61 (54%) 44 47 2 7
Federal 3 (3%) 67 0 0 33
City 12 (10%) 25 17 50 8
County 17 (15%) 24 53 24 0
Consultant 21 (18%) 33 52 5 10

' The percentages indicated are based upon a total of 114 responses.
2 Percentages indicate each individual experience with HDPE corrugated pipes.
For instance, 44% of the 61 DOT responses expressed having a “good” experience.

* np = not provided
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Even with this bias in the population, only the “city” group hasTABLE 5 Information obtained from the investigated

a rating of unsatisfactory of more than 25%. field sites

Sixty-two sites were identified from responses to Question} Site | Response | Age | Region | Diameter Pipe Style
naire No. 2. Detailed summaries of the responses are presentetio. No. | (years) (mm)
in Appendix B, Tables B-2(I) and B-2(Il). The apparently high| A _| 72-11 16 > 600 |Type C - helical
number of responses to Questionnaire No. 2 relative to the 2 17021'_31 113 z ggg g’;:g::lll'z:ll
number of responses to Questionnaire No. 1 should not ey 721 2 5 600 |Type C - annular
considered as indicative of a failure rate. Responses to Qugs-g 72-2 3 5 1050 |Type S - honeycomb
tionnaire No. 1 represent an owner’s or designer’s entire expg- F 72-12 <1 5 1050 _ |Type S - helical
rience with corrugated HDPE pipe, which is often many mileg g 18:; i 2 1725"00 ;YP: 2 - E?l‘l‘:;‘
of pipe and numerous individual installation sites. On thg—; 1A : 5 %00 nges-annular
other hand, the number in Questionnaire No. 2 represenfs;; 3 7 1 600 |Type S - helical
sites that exhibit problems. In many cases, the respondent pfi2 93 7 1 300 |Type S - annular
Questionnaire No. 1 provided more than one response {o’-3 93 7 1 900 |TypeS - helical
Question-naire No. 2. Also, many responses to Questionnaite f 102271 g Ca;ada 382 ?‘"’: 2?1?111211
No. 2 were from owners who expressed overall satisfactiop——79:5 5 Canada 150 Tige T Thelical
with the performance of the product. N 1023 12| Canada 450 Type C - helical

The problems identified include cracking, deflection, and © 15 10 3 600 |Type C - helical

buckling, as summarized in Table 4. Most of the sites wher 600 |TypeS - helical

cracking was reported also involved high deflection levels i g 43304 ; 3 ;gg ggzzi‘:“;zr
the pipe. Thus, the co_ntro_l of field construction procedures— 135 3 7 900 [Type S - helical
may have been a contributing cause to the observed problems.s 85-1 3 4 750 Type S - helical
T 28-2 2 6 600 Type S - helical
U 43-6 2 4 1050 Type S - honeycomb
Field Investigations \ 103-1 3 10 750 Type S - helical
W 103-2 2 10 1200 Type S - honeycomb
Based on information obtained from Questionnaire Nos. Q :z :;: ig ggg ;‘/Pe 2 - Eei?Cai
. . i .. . ype S - helical
and 2, 29 sites were |de_nt|f!ed and visited. The primary pur—z 75 NA To | 450 & 600 Type S _helical
pose of the field investigation was to collect samples fronf— T NA | 10 600 |Type S - annular
sites with cracked pipe for incorporation into the testing pro{ z 45 N/A 10 [ 450 & 600 |Type S - annular

gram. In some instances, sites were selected for the presenceA 45 N/A 10 600 |Type C- helical
of high deflection and long service time without cracking. In|-BB 1 45 0 | 10 600 |Type C - helical

iyt . . . CC 45 12 10 600 Type C - helical
add|t|on, sites with diameters greater than 600 mm wer ote: Type C- This type of pipe has a full circular cross-section, with a

given preference to allow field personnel to enter and deter- corrugated surface both inside and outside.

mine the condition of cracks. Information regarding the pipe Type S-  This type of pipe has a full circular cross-section, with an

performance, such as age, style of the pipe, deflection, buck- outer corrugated pipe wall and a smooth inner liner.

ling, longitudinal bending, and type of cracking were recorded Type S- Honeycomb is also referred to as Type D pipe in some of
the AASHTO specifications.

during the field investigations.
Thirty-four pipe samples were retrieved from the twenty-

nine field sites. Table 5 lists the response number and baﬁéc . ice f . v 1 Th f diff
information on the 34 pipe samples assembled from field si een in service for approximately 1 year. The ages of differ-

reports. Additional details are provided in Tables B-1, B-2(I),ent types of pipes are shown graphically in Figure 1.

and B-2(Il) of Appendix B. Of the 34 field samples, 24 Information regarding the pipe condition, including per-

(70.5%) were helical pipes, 7 (20.5%) were annular pipegent deﬂec_tion, buckling, bending,_and types of cracking i§
and 3 (9%) were honeycomb pipes. The oldest field pipe W‘,&resented in Table 6. Circumferential cracks were the domi-

a Type-C helical pipe installed 16 years ago. Six pipes hadgnt type of cracking, indicating the presence of longitudinal
tensile stresses. Cracking often occurred concurrently with

deflection. The vertical deflection in cracked pipes varied

TABLE 4 Pipe problems that were identified (information from 2% to 25%. For Type C-helical pipes, the full circum-

was based on data obtained from Questionnaire No. 2) ferential cracking resulted in a separation of the pipe and an
Problems Experienced Noof Sites a_ctual or po_tentlal Ioss_of soil a_round _the pipe. For Type-S

Cracks, deflections, and buckling 13 pipes, the circumferential cracking typically occurred at the
gfacis a“g geﬂl‘:lc_ﬁ"nsv_“}’lithozt 1;]“01{“"% 241 junction between the liner and the corrugation, as illustrated

Tacks an uckling, without detlections . . . .

Deflections and buckling, without cracks 3 in Flgur_e 2. This type of cracking may not lead to the collapse
Cracks only 6 of the pipe but could affect the hydraulic performance. Type
Deflections only 12 S-honeycomb pipes, which are classified as Type-D pipes
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Figure 1. The ages of retrieved pipe samples according to corrugation
profile.

in some AASHTO specifications, showed both longitudinal ~ type. The joint technology for corrugated HDPE has
and circumferential cracks in the inner liner, indicating that  developed a great deal in the recent past, and the field
the pipe was subjected to a complex stress field. (Note that observations may not be indicative of current practice.
pipes with the honeycomb profile are referred to as “Type
S-honeycomb pipes” throughout this report.) The above problems with erosion at outlets and with joints
Longitudinal cracking was also observed in Type C-helicabre also known to be issues with other types of pipe.
and C-annular pipes and in Type S-annular and S-honeycomb
pipes, indicating the existence of a circumferential stress at
certain sections of the pipes. This type of cracking allows soVALUATION OF COMMERCIALLY
to enter the pipe and represents a potential loss of structur@AILABLE NEW PIPES
capacity. The longitudinal cracks are generally associated ) _ )
with high deflection. In addition, buckling is usually associ- Fourteen pipe samples and the corresponding resin pellets
ated with high deflection and was observed at ten sites. Sifjlere obtained from four corrugated pipe manufacturers.
nificant longitudinal bending was observed at four sites. ~ 1able 7 shows the pertinent information on the 14 samples.
The cracked regions of the p|pe were removed from thMaterials used in manufaCtUring the 14 pipes involve 9 vir-
inside of the pipe using a small saw, as shown in Figure ®in resins (VR-1to VR-9), 1 reprocessed resin (RP-1) and 2
When field conditions permitted, additional pipe material foPostconsumer resins (PCR-1 and PCR-2). The corrugation
laboratory evaluation was taken from the end of the pipe th&@€eometry of each type of pipe is presented in Appendix C.
extended from the fill section. The primary focus of the evaluation is to assess the SCR
The field investigation also provided an opportunity toof pipe materials using the NCTL test, ASTM D 5397. Addi-
make a direct correlation between installation conditions antionally, properties of the pipe materials were evaluated
observed behavior. Problems included the following: according to requirements defined in the AASHTO M 294
Specification. The latest required cell class is 335420C,
« Deflection—Deflection results from the lack of control except that the carbon black content shall not exceed 5%, and
of construction procedures and the use of poor backfithe density shall not be less than 0.945 §/ear greater than
materials. 0.955 g/crm. With the exception of density, other properties
» Erosion at outlet ends of culverts unprotected by headsan have a higher cell class. In this study, the oxidation
walls—This erosion often resulted in significant loss ofinduction time (OIT) test, ASTM D 3895, was added to the
material and longitudinal bending and cracking of thdist of material tests. Table 8 presents the tests that have been
corrugated HDPE pipe. performed on either compression molded plaques or the pipe
« Erosion as a result of joint leakage—In some of the abovmaterial itself. Compression molded plaques were made from
cases, it is believed, but not verified, that leakage throughither resin pellets or pipe pieces according to ASTM D 1928
joints contributed to erosion around a pipe outlet. Most oProcedure C, which is specified by ASTM D 3350. Three
the joints inspected were the older wraparound coupling.8-mm-thick plaques and one 3.2-mm-thick plaque were
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TABLE 6 Pipe conditions at the investigated field sites

Approximate Deflection Longitudinal
Site Type Fill Height Horizontal Vertical Buckling Bending Cracking
(m) min. max. min. max.
A C-Helical 0.3 7.29% 8.33% [ -6.25% | -12.50% No No Circumferential/Longitudinal
B C-Helical 1.2-1.8 N/A N/A N/A N/A No Yes Circumferential
C S-Helical 1.2 N/A 4.86% N/A -3.13% No No Circumferential
D' C-Annular Not Applicable No No Longitudinal
E S-Honeycomb 12-13.5 -1.3% 5.1% -3.3% | -10.0% Yes No Circumferential/Longitudinal
F S-Helical 1.8-2.4 1.8% 10.0% | -5.1% | -19.4% Yes No Circumferential/Longitudinal
G S-Annular 0.9 3.3% 5.3% -3.5% | -5.7% No No Circumferential
H S-Helical 2.3 1.3% 6.7% 2.1% | -2.1% No Yes Circumferential
1 S-Annular 1.2 N/A 4.2% N/A -4.2% No Yes Circumferential
J1? S-Helical 0.6 N/A N/A N/A -25.0% No No Circumferential
12 S-Annular 0.3 N/A N/A N/A -3.3% No No Circumferential/Longitudinal
13? S-Helical 1.2 N/A N/A N/A -11.1% Yes No Circumferential
K S-Helical 1.8-24 8.3% 13.9% | -11.1% | -16.7% Yes No Circumferential
L C-Helical 7.5-9 N/A N/A N/A | -16.7% | Unknown | Unknown No Crack”
M C-Helical 0.09 No Deflections Observed Unknown Unknown Unknown
N C-Helical 0.15 N/A N/A N/A -10.0% | Unknown Unknown No Crack "
(0] C-Helical 30 N/A 0.4% N/A -4.2% Yes No Circumferential
S-Helical 30 N/A 1.3% N/A -4.5% Yes No Circumferential
P S-Annular 09-12 1.7% 5.0% -1.5% | -5.0% No No Circumferential
Q S-Helical 0.3-0.6 6.9% 11.1% -8.3% | -15.3% Yes No Circumferential
R S-Helical 0.45 -1.4% 13.9% -2.8% | -16.7% No Yes Circumferential
S S-Helical 09-1.2 1.7% 11.7% -1.7% | -10.0% No No Circumferential
T S-Helical 0.9 2.1% 13.5% | -2.1% | -13.5% Yes No Tearing
U S-Honeycomb 0.6-12 2.4% 9.5% -7.1% | -20.2% Yes No Circumferential/Longitudinal
\ S-Helical 0.9 No Deflections Observed No No Circumferential
W S-Honeycomb 06-12 1.0% 3.1% -6.3% { -10.4% Yes No Circumferential/Longitudinal
X1 S-Helical 1.5-1.8 N/A N/A N/A N/A Unknown Unknown Unknown
X2 S-Helical 1.8-3 N/A N/A N/A N/A Unknown Unknown Unknown
X3 S-Helical 1.2 N/A N/A N/A N/A Unknown Unknown Unknown
Y S-Annular 2.4 N/A N/A N/A N/A Unknown Unknown Unknown
Z S-Annular 3 N/A N/A N/A N/A Unknown Unknown Unknown
AA° C-Helical pipe cracked prior to installation N/A N/A Circumferential
BB C-Helical 1.2 N/A N/A N/A N/A Unknown Unknown Unknown
CC C-Helical 0.6-1.2 N/A N/A N/A N/A Unknown Unknown Unknown

** Information was provided by the local pipe manufacturer.
A negative deflection value represents a shortening.
A positive deflection value represents an elongation.

corrugation
g crest

W

! Pipe used as formwork for concrete columns.

?Deflection and buckling information were provided by others.

’ Unused pipe found in materials storage yard.

Unknown =Result of inability to enter pipe; N/A = Not Available

liner-corrugation
junction

~
crack

= location

Figure 2. Schematic diagram illustrating the loca-
tion of circumferential cracking in Type S pipes.

Figure 3.
on the cracked area of a liner.

lllustration of the sampling method used
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TABLE 7 Information on the commercially available new pipe samples

Sample Pipe Diameter Profile Resin Composition
Producer {mm)
1 I 460 Type S — annular 100% virgin resin (VR-1)
I 460 Type S — annular Blended resin — reprocessed resin (RR-1)/

postconsumer resin (PCR-1)

3 I 460 Type S — annular Blended resin — (VR-1/RR-1/PCR-1)

4 II 600 Type S ~ annular 100% virgin resin (VR-2)

5 I 600 Type S — annular Blended resin — two virgin resins
(VR-3/VR-4)

6 I 600 Type S — annular Blended resin — (VR-3/PCR-2)

7 v 600 Type S — annular 100% virgin resin (VR-5)

8 1T 600 Type S - helical 100% virgin resin (VR-6)

9 I 600 Type S — annular 100% virgin resin (VR-7)

10 1I 900 Type S —~ annular 100% virgin resin (VR-2)

11 v 900 Type S — annular 100% virgin resin (VR-8)

12 I 900 Type S — annular 100% virgin resin (VR-1)

13 I 1220 Type S — annular 100% virgin resin (VR-1)

14 I 1220 Type S — honeycomb | 100% virgin resin (VR-9)

Note: Type S — This type of pipe has a full circular cross-section with an outer corrugated pipe wall

and a smooth inner liner. Corrugation may be either annular or helical.

Virgin resin (VR) = material in the form of pellets, granules, powders, floc, or liquid that has not
been subject to use or processing other than that required for its initial manufacture.

Reprocessed resin (RP) = regrind or recycled-regrind material that has been processed for reuse
by extruding and forming into pellets or by other appropriate treatment. (The reprocessed resins
typically are not in-house material but are sold by other manufacturers that make different
types of products.)

Postconsumer resin (PCR) = materials generated by a business or consumer that have served
their intended end use and that have been separated or diverted from solid waste for the
purpose of collection, recycling, and disposition.

made from each type of resin and pipe sample. SpecimensDensity.In general, the density of a polymer correlates

were taken from these plaques for various types of testing.directly to the percentage of crystallinity; that is, a high den-
sity reflects a high percentage of crystallinity. The density
test was performed according to the density gradient

Material Properties method, ASTM D 1505. The test data are included as
Appendix D-1. For materials containing carbon black, the

The material properties listed in Table 8 were evaluated oresin density was calculated using Equation 1, as described
both compression molded plaques and pipe materials. TagtASTM D 3350.
procedures and data are included in Appendix D, which is not

published herein. Results of the tests are summarized in tHis = D, — 0.0044C) (2)
section, along with the corresponding required value defined
in the M 294 Specification. where

TABLE 8 Tests being performed on pipe resins or wall materials

Sample Test ASTM Property Measured
Method
Plaques Density (p) D 1505 | Crystallinity
made from: | Melt Index (MI) D 1238 | Related to molecular weight
resin pellets | Flexural Modulus (FM) D 790 | Flexural strength
or Tensile Yield Strength (o) D 638 | Tensile strength limit
P1pe pieces | ESCR D 1693 | Slow crack growth
NCTL D 5397 | Slow crack growth
Carbon black content D 4218 | Carbon black weight content
OIT D 3895 | Related to antioxidant content
Pipe walls Density (p) D 1505 | Crystallinity
NCTL D 5397 | Slow crack growth

Note: ESCR = environmental stress crack resistance
NCTL = notched constant tensile load test
OIT = oxidative induction time
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D, =density of resin
D, =density of pigmented product
C =percentage of carbon black content

explained in the density section. The average weight per-
centage of carbon black in the 14 tested pipe samples ranged
from 0.09% to 3.2%. Eight samples had a carbon black con-
tent less than the minimum specified value of 2%, as shown
For pipes that were made from a single resin, similar denn Figure 5.
sity values were obtained on plaques made from both resin
pellets and pipe pieces. Of the 14 tested pipe samples, 13 hadMelt indexThe melt index (MI) value provides information
an average density value within the M 294 Specificationtegarding the melt flow behavior of the polymer, which is
which requires a density between 0.945 and 0.955%gAsn important to the extrusion process of manufacturing polymer
indicated in Figure 4. The only exception was Sample 2pipes. Additionally, the Ml value is empirically related to the
which was made from blending reprocessed resin with postrolecular weight of the resin. For the same type of polymer,
consumer resin. Its density value was slightly above thwith a similar molecular weight distribution, a high Ml value
defined upper limit. Comparing the density between plaqueisdicates a low molecular weight and vice versa. Note that this
of pipe pieces and pipe wall materials, the pipe wall materirelationship is not applicable to blended polymers that possess
als generally had slightly lower density values than thelouble peaks in the molecular weight distribution curve.
plaques. This indicated a greater percentage of amorphousThe MI test was performed according to ASTM D 1238.
phase material (i.e., lower crystallinity) present in the pipe'wo conditions were evaluated;;M(190°C at 2.16 kg) and
relative to the plaques. This suggests that the pipe was prold; ¢ (190°C at 21.6 kg). Note that the ASTM D 3350 (i.e.,
ably cooled at a faster rate during production than th&1 294 Specification) requires only the former condition
15°C/min that was used in making the plaque. (190°C at 2.16 kg). The two tests were conducted so as to cal-
culate a flow rate ratio (FRR) value, which provides insight
Carbon black contentCarbon black is added to the resin into the molecular weight distribution of the polymer. The
formulation to provide ultraviolet (UV) resistance. The pipeindividual and average values of the two MI tests and the cor-
is only vulnerable to UV light during the storage period andesponding FRR values of 14 pipe materials are included as
before backfilling. Once the pipe is covered by soil, it is nofAppendix D-2. Comparing the M; values of resin pellets
subjected to ultraviolet light. Accorsi and Rome8pdgtated  with pipe pieces for the same material, their difference was
that up to the level of opacity, in general the higher the loadaround 0.1 g/10 min or less. This difference was probably
ing of carbon black, the greater the degree of ultraviolet lighdue to the variability within a manufacturer’s production lot
stability. The addition of carbon black above the opacityof resin. Samples 2 and 14 had a MI value slightly higher
level (which is around 3%) does not provide significantthan the M 294 maximum specified value of 0.4 g/10 min, as
improvement on the ultraviolet resistance. Furthermore, depicted in Figure 6.
strong synergistic effect exists between carbon black and The majority of the tested pipes exhibited a FRR value in
antioxidants 7). The UV resistance of the pipe must be evalthe range of 90 to 100, as exhibited in Figure 7. The excep-
uated under a carefully designed experimental program wittions were Samples 8, 9, and 11, which consisted of relatively
known types of carbon black and antioxidant packages. higher FRR values than the others, indicating a broader mo-
The amount of carbon black in pipe materials was detelecular weight distribution curve. Sample 8, a helical pipe,
mined using the ASTM D 4218 test procedure. The test datsad the highest FRR value and the lowestMalue. The low
are included as Appendix D-1. The average value was uséd, ;s value suggests that this material was composed of a
in the calculation of the corresponding resin density agreater fraction of high molecular weight polymers, whereas
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Figure 4. Density data of 14 commercially available Figure 5. Carbon black content of 14 commercially
new pipe samples. (The two horizontal lines representwvailable new pipe samples. (The two horizontal lines
the M 294 specified limits.) represent the M 294 specified limits.)
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Figure 6. Ml data of 14 commercially available new Figure 8. Two percent flexural modulus data of 14
commercially available new pipe samples. (The two
horizontal lines represent the M 294 specified range.)

pipe samples. (The horizontal line represents the

M 294 specified upper limit.)

the high FRR value reflects a broad molecular weight distri-
bution, which assists in the processing of the pipe.

obtained from the pipe pieces. The low breaking elongation

and scattering of the data may have been caused by micro-

Flexural modulusThis test was performed according to scopic interfacial boundaries between the pipe pieces. Such
ASTM D 790 and ASTM D 3350 test procedures. The averscattering impeded the comparison between the breaking
age flexural modulus at 2% strain and the standard deviati@longation and the SCR property.
are included as Appendix D-3. All tested materials complied
with the M 294 requirement; their values were either within Environmental stress crack resistanBased on the cur-
or above the defined cell class, as indicated in Figure 8. rent ASTM D 3350 Specification, the SCR property of the

polyethylene pipe material should be evaluated according to

Tensile yield strengtihe tensile yield stress was evalu- ASTM D 1693, Condition B. The test is conducted using ten
ated in accordance with ASTM D 638-Type IV with anotched specimens, which are bent and immersed in 10%
crosshead speed of 50 mm/min. The yield stress and bredkgepal at 50°C. Test specimens were taken from plaques made
ing elongation of each material were recorded. The data afeom either resin pellets or pipe pieces. Table 9 shows the
included as Appendix D-4. Note that ASTM D 3350 doegpass/fail criteria according to the M 294 Specification, which
not specify breaking elongation; however, this property isllows a maximum of 50% failures after a 24-hr testing dura-
believed to be related to SCR. The yield strength of the pipéon. (The numbers of cracked specimens and the test duration
materials was either within or above the M 294 requiremengre included as Appendix D-5.) Of the 14 tested materials,
as shown in Figure 9. Samples 2, 3, 4, 7,9, 10, 11, and 14 failed the specification.

In each material, the breaking elongation was consistently It should be noted that the Condition B test environment
lower in plagues made from the pipe pieces than in plaquegas changed from 100% Igepal to 10% Igepal in 1994. Many
made from the corresponding resin pellets. In addition, a rebf the resin suppliers are still using 100% Igepal to evaluate
atively high standard deviation was associated with dateesins used in drainage pipes. To identify the possible differ-
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Figure 7. Flow rate ratio value of 14 commercially Figure 9. Yield strength data of 14 commercially

available new pipe samples. (There is no M 294
specified value.)

available new pipe samples. (The two horizontal lines
represent the M 294 specified range.)
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TABLE 9 ESCR test data for commercially available new the two conditions. The data seem to suggest that for the cur-
pipe materials (per M 294 Specification) rent ESCR criteria, that is, a maximum of 50% failure after
Sample Type of Material . /11§e§1ulcts_ 4 24 hr, the concentration of the Igepal does not have a signif-
ass/r'al riteria i
1 Resin Pellets : Passed ) icant effect.
Pipe Pieces Passed
2 Pipe Pieces Failed Oxidative induction timeOxidative induction time (OIT)
i ;giil;f:ﬁ‘:s g:ﬁzj is defined in ASTM D 3895 as “a relative measure of a mate-
Pipe Pieces Failed rial’s resistance to oxidative decomposition; it is determined
5 Pipe Pieces Passed by the thermal analytical measurement of the time interval to
3 IfiRe ?elclef f;aﬁfej the onset of an exothermic oxidation of a material at a spec-
P?;:Pizczss Fied ified temperature in an oxygen atmosphere.” For the same
8 Resin Pellets Passed type of antioxidant formulation, the OIT indicates the total
Pipe Pieces Passed amount of antioxidant present in the specin@nHowever,
190 }f;i’ien};}:ﬁ:fs 1;:{23 OIT does not reflect the individual type or the amount of each
Pipe Pieces Failed antioxidant present in the formulation. It must be emphasized
11 Resin Pellets Failed that comparisons between different antioxidant packages
Pipe Pieces Failed should be carried out with great caution. Nevertheless, results
g ggz 1]::222 gzzz:g from a long-term aging study have indicated that the mechan-
14 Resin Pellets Failed ical properties of the material remain essentially unchanged
Pipe Pieces Failed until all antioxidants are deplete@)(

It should be recognized that the purpose of the OIT test in
ence in the test results between the two Igepal concentrthis project was not to predict the longevity of the material,
tions, the ESCR test was performed using 100% lIgepal drecause different manufacturers probably use different anti-
some of the pipe samples. Table 10 shows the ESCR datam@fidant formulations. The objective was to measure the OIT
eight selected pipe samples in both 10% and 100% Igepal atf the field retrieved pipes to ensure that property degrada-
50°C. Although the 100% Igepal is known to be a lesgion had not taken place at the time the sample was collected.
aggressive reagent in promoting stress cracking, the two sdtsaddition, OIT tests on commercially available new pipe sam-
of results reveal no significant differences. Only Sample Bles can provide some insight regarding the average amount of
exhibited a pronounced difference between the two test coantioxidant being used. By comparing the overall OIT value
ditions. It failed in 10% Igepal but passed in 100% lIgepafrom the new and field retrieved pipes, the consumption of
solution. Samples 7 and 9 showed a slight difference betweeamtioxidants during the service time can be estimated.

TABLE 10 ESCR test results under two different reagent concentrations

Sample Type of Result
Material 10% Igepal at 50°C 100% Igepal at 50°C
number of cracked specimens number of cracked specimens
in 24 hours in 24 hours

1 Resin Pellets none nt

Pipe Pieces none nt
2 Pipe Pieces 10 (all failed after 14 hours) 10 (all failed after 15 hours)
3 Pipe Pieces 10 (all failed after 19 hours) 3 (3 failed after 24 hours)
4 Resin Pellets 10 (6 failed after 13 hours) nt

Pipe Pieces 10 (7 failed after 12 hours) 10 (all failed after 17 hours)
5 Pipe Pieces none nt
6 Pipe Pieces none nt
7 Resin Pellets 10 (all failed after 20 hours) nt

Pipe Pieces 10 (all failed after 16 hours) 10 (5 failed after 20 hours)
8 Resin Pellets none nt

Pipe Pieces none nt
9 Pipe Pieces 10 (all failed after 21 hours) 8 (8 failed after 24 hours)
10 Resin Pellets 10 (8 failed after 13 hours) nt

Pipe Pieces 10 (7 failed after 15 hours) 10 (9 failed after 17 hours)
i1 Resin Pellets 10 (all failed after 20 hours) nt

Pipe Pieces 10 (all failed after 20 hours) 10 (all failed after 24 hours)
12 Pipe Pieces none nt
13 Pipe Pieces none nt
14 Resin Pellets 10 (7 failed after 8 hours) nt

Pipe Pieces 10 (8 failed after 10 hours) 10 (8 failed after 8 hours)

Note: nt = not tested
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The OIT test was performed according to ASTM D 3895notch depth in all test specimens was 0.36 mm, which equals
This test is used to determine the total amount of antioxidan0% of the nominal thickness. The applied stress was calcu-
present in the material. Figure 10 shows the average OIT vdited based on the remaining ligament cross-sectional area.
ues obtained from plaques made from resin pellets and piféhe test data are presented in graphic form by plotting the
pieces, as well as pipe wall materials. The individual tegpercentage of yield stress against failure time on a log-log
data are included as Appendix D-6. The average OIT valuesale. The reason for selecting percentage of yield stress over
obtained from the plaque and wall materials were very simiapplied stress was that pipes with different yield stress val-
lar in most of the samples, except Sample 3, which containagks, as indicated in Figure 9, induced different stress values
PCR. The average OIT value for the tested samples variath the pipe wall under the same strain value. A pipe with a
from 1 to 45 min. The wide range of OIT values indicates thahigh yield stress resulted in a lower stress value than that with
many different antioxidant formulations are being used ira low yield stress. The percentage of yield stress minimized
these 14 commercially available new pipes. the effect of yield stress and provided a fair comparison

The OIT testis not a required parameter in ASTM D 3350between different resins.
thus, no specification value is established. However, a thermal For Sample 1, 12 applied stresses were tested, ranging
stability test, oxidative induction temperature, is included infrom 15% to 50% of the yield stress of the material. The fail-
the ASTM standard to ensure the stabilization of the polymeure time at each applied stress was recorded to an accuracy
during the pipe extrusion process. The test is only applicablef 0.01 hr. Figure 11 shows the F-NCTL test response curve.
to evaluating the unprocessed resin pellets, not the finishéithe curve consists of two linear regions. In the high applied
product. In addition, the test cannot provide information orstress region, specimens failed predominantly in the ductile
the long-term performance of the pid€) mode. This region of the curve is called the ductile region.

The slope of this portion of the curve is relatively shallow. In

contrast, in the low applied stress region, specimens failed in
Notched Constant Tensile Load Test a brittle mode. This region of the curve is called the brittle

region. The slope of the curve becomes much steeper than

Although the SP-NCTL test was the objective of this projthat of the ductile region. For this material, the ductile-to-
ect, the full (F-NCTL) test and partial (P-NCTL) test werebrittle transition occurred at 35% vyield stress with a transi-
used to evaluate the SCR of pipe materials. Results of thi#n time of 8.8 hours. The shape of the transition region is
P-NCTL tests are then used to define the condition of thdescribed as a “step transition” in ASTM D 5397.

SP-NCTL test so that the SCR of different pipe materials could For Sample 9, 11 applied stresses were tested, ranging
be compared. Also, the selected test condition of SP-NCTfrom 15% to 50% of the yield stress of the material. Figure
test has been included in the recommended specification. 12 shows the F-NCTL test response curve, which again con-

F-NCTL testsFrom the 14 pipe samples, Samples 1, 9, andists of two linear portions. The transition occurred at 45%
14 were selected for evaluation by the F-NCTL test to demoryield stress and 0.5 hr. The shape of the transition is defined
strate the ductile-to-brittle transition behavior. Test specias a “knee transition” in the standard.
mens were taken from five 1.8-mm-thick plaques, which were For Sample 14, 12 applied stresses were tested, ranging
made of resin pellets. Tests were performed using appliddom 10% to 50% of the yield stress of the material. Figure
stresses ranging from 10% to 50% of the yield stress of thE3 shows the F-NCTL test response curve. The transition
material. Three specimens were tested at each stress level.o&turred at 40% yield stress and 0.5 hours. The shape of the
stress levels below 25%, five specimens were tested. Theansition is defined as a “knee transition” in the standard.

The ductile-to-brittle transition observed in these three
F-NCTL test response curves indicates that brittle failure can

R L A 1 take place in pipes made from this material.
r [ resin pellets [
40 E ...l W pipe pieces []
= 3 1 pipecrest ] RRAL T T
g O pipeliner ] . 50} J
£ ] 40|
= A
o = 30 ¢
5]
&
*:E 20 + R
[ E
3 4 5 6 7 8 9 10 11 12 13 14 10 Sororbrerodended bl Jemehoraterdbe Jeemeredeerenreded o Aecrerdboreorederdbeb
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Failure Time (hours)

Figure 10. OIT data of 14 commercially available
new pipe samples. (There is no M 294 specified valu€igure 11. The response curve of the F-NCTL test
for this property.) for Sample 1.
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N DA D « The SCR analysis for all new and field pipe samples will

é ig " be based on the P-NCTL test results obtained from

; 30 | plagues made from pipe pieces so that direct compari-

& son can be made between them.

g20r 1 * The P-NCTL test results of the 14 commercially avail-

&% A able new pipe samples are presented in Figures 14(a) and
1o L R 2 T 14(b). Figure 14(a) shows the results obtained from Sam-

0.1 1 10 ples 1 through 7, and Figure 14(b) shows the results
Failure Time (hours) obtained from Samples 8 through 14. A linear relation-

ship was obtained between applied stress and failure
time in the majority of the samples, except Samples 3, 7,
and 11. In those three samples, the linear relationship
ceased to exist at 10% vyield stress. The failure time at
10% stress was longer than the projected value.

Figure 12. The response curve of the F-NCTL test
for Sample 9.

P-NCTL testsThe P-NCTL test is an abbreviated version - rpg jineqr relationship between the applied stress and fail-
of the F-NCTL test. The test focused only in the brittle region, . +in1o can be expressed by the power law, as indicated in
of the curve, because this was the region of primary intere

: . ) “Equation 2. The slope of the lines is fairly similar in the 14
Three to four applied stresses were selected in the brittle reglcéq P y

Hmples, as shown in Table 10. The average slope value is
of the full curve. The stress levels vary from 10% to 25% o 3 42 0 (’)7 9 P
the yield stress of the material. Five specimens were testedat ~

each stress level and an average value was reported. The fgil; m
. . =A[Dt 2
ure time of each specimen was recorded to aracgwf 0.1
hr instead of 0.01 hr. All 14 available pipe samples were
evaluated. The data are presented by plotting percent yield
stress against failure time on a log-log scale.
No significant difference in failure time existed between T — T ——

. . . — A~ - Sample #1
plagues made from resin pellets and pipe pieces. (The test y Y A —4 - Sample #2
data and response curves of the P-NCTL test obtained frof =y N — & Sample #3
: O 5201 Ao ey Y 1 O- - Sample #
plaques that were made from resin pellets and pipe pieces &te NN NN A AR gamp%e ﬁg
included as Appendix E, which is not published herein.) Th@ o m% NP G s?m“&im
following conclusions are drawn regarding all commerciallyg N\ N ’
available new pipe samples: e RN .
& 10 ot Y
. : . . ) 9t |
» The cutting and remolding of pipe pieces into plaques g leot &+ v v vvwnd 0 vl
does not substantially alter the SCR of the original resin. L 10 100
Hence, the SCR property of the resin can be evaluated Failure Time (hours)

using plaques made from the finished pipe product. Figure 14(a). Response curves of the P-NCTL test
* The addition of carbon black does not seem to influencgy, Samples 1 through 7.

the SCR property of these resins.

— A~ - Sample #8
—& - Sample #9
- 8— -Samp%e #%(1)
T —T— T —T—T T — - -0- - Sample
so | ] AQ A 1Ty Shmble #12
2 @ ., ~ ——7— Sample #13
g 4 1 g 20 F o v | — B -Sample #14
2] ; ~
Z 30t ] 9 >, ~
2 3 & \aﬁ‘c‘, o =S
>: 20 F i N
§ § \\\;\
= 5} O~
£, N a =10 N
0.1 1 . 10 1 10 100
Failure Time (hours) Failure Time (hours)

Figure 13. The response curve of the F-NCTL test Figure 14(b). Response curves of the P-NCTL test
for Sample 14. for Samples 8 through 14.
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where 20

S(% (oy or MPa))=yield stress
t (hr) = failure time
m = slope of the line

Percent Yield Stress

: 15 e ANAAN A
A = constant (related to material and test 3 £
environment)
On the basis of these 14 sets of data, it appeared thatthe ;o b . .. ..., Y e
applied stress at 10% yield stress was not appropriate for the 1 10 100 1000

SP-NCTL test, because the linear relationship was not valid Failure Time (hours)
at this stress level for all materials. To avoid the uncertaintyFi ure 15. Failure times at 15% yield stress of 14
an applied stress at 15% yield stress was selected to comp@é’n y

mercially available new pi which illustr h
SCR between the materials. Furthermore, the use of a higl\%st dﬁ‘fgferzlcae iar11 ?f?eeSgR [())fp;se, res?ns uussetda}[ﬁ E[hz
stress level allowed the test to be completed in a shorter

. . _ _ _ #iDPE corrugated pipes. (Note: Samples 5 and 13 have
period of time, a feature that is believed to be important fthe same failure time. Thus, only 13 points appear on
a quality control test. (Note that the SP-NCTL test procedurﬂ,Ie graph.) ' '

is included as the Appendix to ASTM D 5397; however, few

modifications were required to adopt the standard for testing.s selected to illustrate the failure morphology at the tran-

HDPE cqrruga_ted pipe materia_tls.) ) . sition region, as shown in Figure 17. The other three speci-
The failure times of the 14 pipe samples at this 15% y'e"fjnens failing at 10%, 15%, and 20% yield stress were

stress_ are Ii_sted in Table 11. FiQ“fe 15 iIIustrates_graph_icallgelected to illustrate the effect of applied stress on the brittle
the failure _tlm(_as of _14 tested pipe samples at this par_'uculqtlracture morphology, as shown in Figures 18 through 20. A
stress; their failure times ranged from 5 hr to 600 hr. Nine Oélose view of the microstructure at location “A” in each of

the 14 _sampl_es had failure times less than 20 hr. Foursampﬁzl% three brittle failed specimens is depicted in Figures 21
had failure tlmes_ that_ranged from 60 to 100 hr, and onf}nrough 23. The needle-like structure, called “fibrous,”
sa_tmple had a failure time greater than 100 hr_. The_ Samp}@sulted from a slow crack-growth failure. The size of the
V_‘”th afailure t|mg greater 'Fhan _100 h_r had a helical pipe Pr%brous structure changed with the applied stress; a higher
file. T_he large difference in fallure_ tu_nes (_je_monstrates thﬁpplied stress was associated with a larger fibrous structure.
effectiveness of the SP-NCTL test in identifying the SCR 0ly 54 on each fracture surface, the size of the fibrous struc-
different HDPE pipe materials. ture increased as the crack propagates (i.e., it increases with
stress).

Fracture morphologyThe fracture morphology of failed  The fracture morphology is a very useful forensic tool. In
NCTL test specimens at different stress levels was examinghlis study, the fibrous morphology was used as a “signature”
using a scanning electron microscope. Specimens from pige verify whether cracking was caused by a slow crack-
Sample 14 were evaluated. The specimen failing at 50%rowth mechanism or by some other phenomenon. The frac-
yield stress was selected to illustrate the ductile failure, dsire morphology of all field cracked samples was examined
shown in Figure 16. The specimen failing at 45% yield stresw identify their failure mode.

TABLE 11 Slope and failure times at 15% yield
stress for 14 commercially available new pipes

Sample Slope Failure Time at
15% o,(hour)
1 -0.34 104
2 -0.33 47
3 S0.44 13
4 -0.29 6.2
5 -0.24 64
6 70.26 18
7 -0.40 8.6
8 -0.24 580 1 I notch thickness
9 -0.33 7.2
10 -0.32 9.2
11 -043 8.1
12 2038 71 ) . .
13 042 64 Figure 16. Fracture surface of a specimen failing at
14 -0.27 7.5 50% yield stress, illustrating ductile failure.
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crack growth
direction

I notch

Figure 20. General view of the fracture surface of a
specimen at 10% vyield stress, illustrating brittle failure.

Figure 17. Fracture surface of a specimen failing at
45% yield stress, illustrating transition behavior
between ductile and brittle failures.

crack growth

direction
I notch
Figure 21. Detail view of the fibrous structure of a
specimen failing at 20% yield stress (at location A of
Figure 18. General view of the fracture surface of a Figure 18).
specimen at 20% vyield stress, illustrating brittle failure.

crack growth
direction
o F L 1 I!
3] S o "__.""
I notch b’ (b
== 20.8 wy 1B

Figure 22. Detail view of the fibrous structure of a
Figure 19. General view of the fracture surface of a specimen failing at 15% yield stress (at location A of
specimen at 15% yield stress, illustrating brittle failure.Figure 19).
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Laboratory Results of Commercially Available
New Pipes

The various material properties along with the SP-NCTL
test results of the 14 pipe samples are shown in Table 12,
together with values defined in the M 294 Specification. The
density, flexural modulus, and yield strength of the 14 com-
mercially available new pipes largely complied with the cur-
rent specification. The only exception was the density of
Sample 2, which was slightly higher than the specified value
of 0.955 g/cri Regarding MI, two of the samples, Samples
2 and 14, had values above the upper specified value of 0.4
g/10 min. For SCR, 8 of the 14 samples failed to pass the
specified criterion. In contrast, the failure times of the SP-
NCTL test at 15% yield stress showed a specific value, from
5 to 600 hr. While a correlation between the SP-NCTL test
and the ESCR test was observed, the quantified value is of

Figure 23. Detail view of the fibrous structure of a far greater significance. Samples with failure times less than

specimen failing at 10% yield stress (at location A of 14 hrin the SP-NCTL test failed the current ESCR test spec-
Figure 20). ification. The overall test results suggest that resin materials

that comply with basic material specifications, such as den-
sity, MI, flexural modulus, and yield strength, can exhibit
diverse SCRs.

As far as the long-term properties involving carbon black
content and OIT values are concerned, most of the samples
contained greater than 1% carbon black but less than 3%,

TABLE 12 The cell class data based on ASTM D 3350 of 14 commercially
available new pipes

Sample Property
Density' MP Flexural  Yield orr’ ESCR* SP-NCTL’
Modulus  Strength (15%)
(D1505) (D1238) (D790) (D638)  (D3895) (D1693) (D5397)
(g/cc) (/10 min.)  (MPa) (MPa) (min.) (hours)
M 294 3 3 5 4 NA 2 NA
spec. 0.945-0.955 04 to 758 to 21to Cond. B
0.15 1103 24 50%/24 hr
1 0.9483 0.21 998 24 28 passed 104
2 0.9560 0.51 995 28 6 failed 4.7
3 0.9520 0.37 934 28 5 failed 13
4 0.9521 0.31 969 28 2 failed 6.2
5 0.9519 0.09 954 25 36 passed 64
6 0.9525 0.40 1038 26 11 passed 18
7 0.9512 0.36 867 26 12 failed 8.6
8 0.9481 0.04 977 23 42 passed 580
9 0.9510 0.26 970 28 i failed 7.2
10 0.9548 0.39 954 26 3 failed 9.2
11 0.9508 0.26 921 27 3 failed 8.1
12 0.9494 0.23 900 26 22 passed 71
13 0.9492 0.23 905 26 20 passed 64
14 0.9535 0.46 1123 26 8 failed 7.5

carbon black varies from 1% to 3%, except Sample #13 which contains 0.09%.

NA = non-applicable

! Calculated resin density values

2 MI = melt index

3 OIT = oxidative induction time

s ESCR = environmental stress crack resistance (criteria 24 hour/50% failure)
SP-NCTL = single-point notched constant tensile load
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whereas OIT values varied from 1 min to 42 min. For pipeservice lifetimes of 8 and 12 years. These two pipes exhib-
that is exposed to sunlight, both carbon black and antited no cracking in spite of large deflections. Table 13 lists
oxidants are important in protecting the material from degrat9 selected field samples. Detailed descriptions of each field
dation, because a synergistic effect takes place between thaite and pipe condition are presented in the site summary
two additives. On the other hand, in buried applicationsteport, Appendix F, which is not published herein.
antioxidants are the essential substance protecting the mate-
rial from degradation. However, the minimum required
amount of carbon black and antioxidants that can ensure tfhé&?

service lifetime of the pipe is a complete research project in One of the important investioations on the retrieved pipe
itself. Published information on HDPE pressure pipes and b : 9 . pip
gmples was to determine the type of failure mechanism

HDPE geomembranes can serve as guidelines for pOSSIbfLat caused cracking. This was achieved by examining the

future researchig, 12). t hology of the crack surf hich provided
Regaringppe sampes thatcomaind v reprocessTE MDA o e ek Suces en b
resin or postconsumer resin, most of their properties were 9 ' '

within the specified material values. For example, Sample grack-grovyth d|rect|o_n. The typical fracture mqrphology as
. : i oo dbserved in a scanning electron microscope in each of the
which was made from blending virgin resin with postcon-

sumer resin, complied with all current specification requirel <0 SamPIes is summarized in Table 14. The majority of the
' P . P AU rack surfaces exhibited a fibrous structure, as shown in Fig-
ments. Thus, reprocessed resins and postconsumer resins

. S C?Q24, which was similar to that observed in failed P-NCTL
a_llso be used for corrugated Pipe appl|cat|ons,_ as Ipng ast st specimens (Figures 17 through 20). This indicates that
final blended product fulfills the required specification. cracks in those pipes failed via a slow crack-growth mecha-
nism. However, Sites B, G, V, and W were exceptions. The
EVALUATION OF RETRIEVED PIPE SAMPLES fracture surface of cracked pipes in these four sites showed a

flake structure, as revealed in Figure 25. The flake morphol-
As stated in the Field Investigations section of this reportpgy was not generated by the slow-crack growth mechanism,
29 field sites were investigated, as recorded in Table 5, whileut rather by a rapid crack-propagation mechanism that is
23 cracked pipe samples were retrieved from 20 of the sitetypically associated with a dynamic force and cold tempera-
and 17 cracked samples were selected for evaluation. In addire (L3). A similar type of failure is occasionally detected
tion, samples were taken from two uncracked pipes that had exposed HDPE pressure pipes and geomembranes when

cture Morphology

TABLE 13 Pipe conditions at 19 selected field sites

Deflection Longitudinal
Site Type Age Horizontal Vertical Buckling Bending Cracking
(years) min. max. min. max.

A C-Helical 16 7.3% 8.3% -6.3% -12.5% No No Circumferential/Longitudinal
B C-Helical 13 N/A N/A N/A N/A No Yes Circumferential

D' C-Annular 2 N/A N/A N/A N/A No No Longitudinal
E S-Honeycomb 3 -1.3% 5.1% -3.3% | -10.0% Yes No Circumferential/Longitudinal
F S-Helical <1 1.8% 10.3% -5.1% | -19.4% Yes No Circumferential/Longitudinal
G S-Annular 1 3.3% 5.3% -3.5% -5.7% No No Circumferential
H S-Helical 4 1.3% 6.7% -2.1% -2.1% No Yes Circumferential
I S-Annular 1 N/A 4.2% N/A -4.2% No Yes Circumferential

712 S-Helical 7 N/A N/A N/A -25.0% No No Circumferential

J2? S-Annular 7 N/A N/A N/A -3.3% No No Circumferential/Longitudinal
K S-Helical 6 8.3% 13.9% -11.1% | -16.7% Yes No Circumferential
L C-Helical 8 N/A N/A N/A | -16.7% | Unknown | Unknown |No Crack™
N C-Helical 12 N/A N/A N/A_ | -10.0% | Unknown| Unknown |No Crack”
(0] C-Helical 10 N/A 0.4% N/A -4.2% Yes No Circumferential

S-Helical 10 N/A 1.3% N/A -4.5% Yes No Circumferential

P S-Annular 3 1.7% 5.0% -8.3% -5.0% No No Circumferential
R S-Helical 3 -1.4% 13.9% -2.8% | -16.7% No Yes Circumferential
U S-Honeycomb 2 2.4% 9.5% -7.1% | -20.2% Yes No Circumferential/Longitudinal
\Y% S-Helical 3 No Deflections Observed No No Circumferential

W | S-Honeycomb 1 1.0% | 3.1% | -63% | -104% Yes No Circumferential/Longitudinal

* Ages are reported as the age at the time of inspection. !Pipe used as formwork for concrete columns.
** Information was provided by the local pipe manufacturer.  Deflection and buckling information were provided by others.
A negative deflection value represents a shortening. Unknown = Result of inability to enter pipe

A positive deflection value represents an elongation. N/A = Not Available



TABLE 14 Summary of fracture morphology in each

retrieved cracked pipe
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Site No. Pipe Style Types of Cracks Fracture Morphology

A C-helical circumferential fibrous structure

& longitudinal
B C-helical circumferential flake structure
D C-annular longitudinal fibrous structure
E S-honeycomb circumferential fibrous structure

& longitudinal
F S-helical circumferential fibrous structure

& longitudinal
G S-annular circumferential flake structure
H S-helical circumferential fibrous structure
1 S-annular circumferential fibrous/flake structure
J-1 S-helical circumferential fibrous structure
J-2 S-annular circumferential fibrous structure

&longitudinal
K S-helical circumferential fibrous structure
o C & S-helical circumferential fibrous structure . T
P S-annular circumferential fibrous structure 2, & kY o -
R S-helical circumferential fibrous structure
U S-honeycomb circumferential fibrous structure . .

g & longitudinal Figure 25. A typical flake morphology on a fracture

v S-helical circumferential flake structure surface of a crack (from Site G),
w S-honeycomb circumferential flake/fibrous structure

& longitudinal

the flexural modulus test was not performed.) The material
properties were evaluated according to the new cell class
the ambient temperature falls well below freezing. The SPdefined in the AASHTO M 294 Specification. The test pro-
NCTL test is only applicable to evaluate cracking induced bgedure used to assess each property was the same as that used
a slow crack-growth mechanism; thus, data from Sites B, @pr commercially available new pipes, as described in

V, and W were not included in the analysis to determine th&ppendix D. All data obtained from field samples are pre-
minimum acceptable failure time. sented in Appendix D along with those from commercially

available new pipes.
Material Properties Density.As shown in Figure 26, there were three pipe

samples with density values above the current specified

Compression molded plaques were made from pieces pfnge of 0.945 to 0.955 g/énThe pipe sample from Site A
the retrieved pipe sections; they then were used for the eva|z 4 the highest density value of 0.961 g/c8uch a high

uation of material properties and for the P-NCTL test. (FOy51ye suggests that the resin could be a homo-polymer rather
Sites E, K, P, U, V, and W, the amount of retrieved materlaghan a co-polymer.

was only sufficient to make two 1.8-mme-thick plaques; thus,

Carbon black contenfThe majority of the carbon black
content in the 19 pipe samples ranged from 1 % to 3 %, as
shown in Figure 27. The pipe from Site W consisted of an

0.965 P PP

0.960

0.955

0.950

Density (g/cc)

0.945

p
bl 4 el | Bl 0 b | B i el |l
ABDEFGHIJNIRKLNOP
Field Site

(11 Byl

0.940 L -
RUVW

Figure 26. Density data of 19 retrieved pipe samples.
(The two horizontal lines represent the M 294 speci-
fied limits.)

Figure 24. A typical fibrous morphology on a frac-
ture surface of a crack (from Site H).



22

70 T T T T 250 T
< :_ o ]
% 6.0E 200 E E
5 50 F 2 F ]
5 : & 150 | 3
S 40 F - C 1
Ad E s » ]
g 30E - % 100 E
[a] v | % .ﬂ,}

g 20 2 B
5 50
g 10
O 3|
ABDEFGHINRKLNOPRUVW ABDEFGHIIIRKLNOPRUVW
Field Site Field Site

Figure 27. Carbon black content of 19 retrieved Figure 29. Flow rate ratio value of 19 retrieved
pipe samples. (The two horizontal lines represent thepipe samples. (There is no M 294 specified value.)
M 294 specified limits.)

"Lt L L L L LN LA LA LU LA LN LA LN BN BRLAN LA LA LN L
unusually high carbon black content of 6.4 %, which is well 5 1200 ] _
above the upper specified limit of 5%. ?; 1000 E

800 3
Melt index.Pipes from Sites A and U had a MI value S 600 _
higher than the M 294 maximum specified value of 0.4 g/10 ’g 400 3
min, as shown in Figure 28. Seven samples, Sites J-1, K, L, % ]
N, P, R, and V had a Mlsvalue less than 0.1 g/10 min. Fig- 200 E
ure 29 depicts the FRR value of the 19 pipe samples. The 0 i il o Ll ]
majority of the values were between 100 and 150. Pipes from ABDEFGHIJIR2KLNOPRUVW
Sites K, L, P, R, and V had relatively high FRR values and Field Site
low Ml,, ¢ values. Figure 30. Two percent flexural modulus data of 13

retrieved pipe samples. (The two horizontal lines repre-

Flexural modulusPipes from 13 field sites were evalu- S€nt the M 294 specified range.)
ated. There was insufficient material from the other six sites.
The average flexural modulus at 2% strain and the standardTensile yield strengtfThe yield strength of the pipe mate-
deviation are included in Appendix D-3 together with datarials was either within or above the M 294 requirement, that
from commercially available new pipes. The majority ofis, between 21 and 24 MPa, as shown in Figure 31.
tested materials complied with the M 294 required range
between 758 and 1103 MPa, that is, their values were either Environmental stress crack resistan€able 15 shows the
within or above the defined cell class, as indicated in Figureesults of tests based on the pass/fail criteria defined in the
30. The only exception was pipe from Site L, which wasASTM D 3350 Specification, using ASTM D 1693. Eleven of

below the minimum required value. the 19 field samples failed the test. Of the eight samples that
0.6 | "L UL I I UL UL UL I LN L R I N I UL I R L L L L L I I L L I I L R I R
e E S E
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Figure 28. MI data of 19 retrieved pipe samples. Figure 31. Yield strength data of 19 retrieved pipe
(The horizontal line represents the M 294 specified samples. (The two horizontal lines represent the M 294
upper limit.) specified range.)



TABLE 15 ESCR test data for retrieved pipe samples (per
M 294 Specification)

Sample Type of Material Results
(Pass/Fail Criteria)

A Pipe Pieces Failed
B Pipe Pieces Failed
D Pipe Pieces Failed
E Pipe Pieces Failed
F Pipe Pieces Failed
G Pipe Pieces Failed
H Pipe Pieces Passed
I Pipe Pieces Failed
J-1 Pipe Pieces Passed
J-2 Pipe Pieces Failed
K Pipe Pieces Passed
L Pipe Pieces Passed
N Pipe Pieces Passed
0 Pipe Pieces Failed
P Pipe Pieces Passed
R Pipe Pieces Passed
U Pipe Pieces Failed
\ Pipe Pieces Passed
W Pipe Pieces Failed

9
passed the test, one had the annular profile and the others had 8

the helical profile.

Oxidative induction timeFigure 32 shows the average Figure 33(b).
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Figure 33(a). Response curves of the P-NCTL test
for Sites A through |I.
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Response curves of the P-NCTL test

OIT values obtained from plaques made from pipe piecedor Sites J-1 through P.

The average OIT value varied from 0.2 min to 18 min. Pipes
from Sites | and U had the lowest values, signifying that

only an extremely small amount of antioxidants remained in, ADO e A\ - _f_ . §;{§{‘§
. I S ~ _ - Site V
these pipes. & 0l N » \ --E—-siéw
= LY ~
c N ~
. > ] »
Notched Constant Tensile Load Test = \\\ N
[ RN
2 N
P-NCTL test was performed in all 19 retrieved pipe sam& 19 S ATE
ples. The percent yield stress versus failure time curve is g L i el
depicted in Figure 33. For the purpose of clarity, the data has 10 100 1000

been subdivided into three parts. (Complete data are included
as Appendix G, which is not published herein.) Most of the

Failure Time (hours)

pipes possessed a linear relationship between applied stréggure 33(c).
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Figure 32. OIT data of 19 retrieved pipe samples.
(There is no M 294 specified value.)

Response curves of the P-NCTL test
for Sites R through W.

and failure time; however, a slight change in linearity was
observed in pipes from Sites K, P, and W.

Table 16 lists failure times at 15% yield stress as deduced
from the P-NCTL test data and the slope of the linear portion
of the curves. Figure 34 shows the failure time of the 19 field
pipes at 15% yield stress. The failure time values ranged
from 0.5 hr to 1,800 hr. Twelve of the 19 pipes had failure
times less than 15 hr. These 12 pipes had various types of
pipe profiles, including helical, annular, and honeycomb.
Five pipes showed a failure time greater than 100 hr, and they
were all helical pipes. As with the data of Figure 15, a large
difference in quantified values was seen, demonstrating the
effectiveness of the test.
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TABLE 16 Slope and failure times at 15% ESCR criteria. This correlation was similar to that observed
applied stress of P-NCTL test for 19 retrieved in commercially available new pipes.
pipe samples Regarding the OIT test, Sites | and U showed a value less
Sample Stope Failure Time at than 1 min, suggesting that there was almost no antioxidant
— o5 15% gfgh"“’) present in these two pipes. Because the service time of the
B 2033 47 pipes was less than 3 years, there may have been only a lim-
D -0.27 13 ited amount of antioxidant added to the resin formulation for
E -0.30 5 stabilization purposes during processing. Presently, the phys-
g :8'2(2) g'g ical and mechanical properties of the pipes are still within
H 031 a specified values. It would be very informative, in regard to the
| -0.30 8.6 long-term performance of the pipe, to continue monitoring the
;; - 83(1) 321; performance of these two pipes for the next 10 to 20 years.
K -0.35 38
L -0.24 1800
N -032 212 EFFECT OF PIPE PROCESSING ON STRESS
6] -0.31 4.7 CRACK RESISTANCE
P -0.49 14
R =031 273 The effect of pipe processing on SCR was evaluated using
3 :8’32 16(')32 the SP-NCTL test. However, the evaluation was limited to
W 2043 63 Type S-annular pipes. Five different commercially available

new pipes were evaluated, including Samples 1, 4, 5, 10, and
. . 12. Samples 1 and 12 were made from the same resin but
Laboratory Results of Retrieved Pipe Samples with diameters of 460 mm and 900 mm, respectively. Also,

. . amples 4 and 10 were made from the same resin but with
The material properties and the SP-NCTL test results of 1§iameters of 600 mm and 900 mm, respectively. Five SP-

rﬁtrievled pige fgargpleshareMsg%\gf/nSin Tiple 1 7, t;)/lgethe; Vﬁ' CTL test specimens were taken directly from the pipe wall
the values defined In the pecification. Most of the, 1\ |ocations—the pipe crest and liner—as indicated in

retrieved pipes conformed to the current specified valuegyg vo 35 |n the liner section, specimens were taken in both
even those with service times longer than 3 years, which wag ., ferential and longitudinal directions of the pipe. How-

bgfore the'n.ew cell .class was imposed. Pipe retrieved fro'@/er, in Samples 5 and 12, no test specimens were taken from
Site A exhibited a h'gh. density value as Welllas avery h'glfhe crest location because of the unique profile of the crest
flexural modulus and yield strength. This particular pipe WaSa tion. as shown in Appendix C

probably made from a homo-polymer polyethylene resin, The SP-NCTL test was performed at an applied stress of
which generally exhibited a brittle behavior as indicated b%ither 262 or 4.14 MPa in order to achieve a failure time

its e>'<tremely short failure time in the SP-NCTL test. A €O onger than 20 hr. The notch depth was modified because of
relation was also found between the SP-NCTL test and t'}ﬂe large variation in thickness at different locations on the

ESCR test. Pipes with failure times less than 14 hr failed th&pe The notch depth of each set of SP-NCTL test specimens

was determined based on the stress intensity factor (K) that

was calculated from tests performed on the corresponding
plague material. A detailed explanation regarding the stress
3 intensity factor (K) is presented as Appendix H, which is not
published herein. It was found that the notch depth was either
0.356 or 0.381 mm. In addition, the locations where test spec-
] imens were taken are also identified. The results of the study
] are presented in the following two sections.

pI S —

15 |

%
%
|

Percent Yield Stress

100_1 ' 1 ' 10 I 1()0 ' 1000 - 10 Effect of Notch Position on the Failure Time of

the SP-NCTL Test

Failure Time (hours)

Figure 34. Failure time at 15% yield stress of 19 The average failure times of SP-NCTL tests obtained from
retrieved pipes, illustrating the vast difference in the different pipe wall locations are given in Table 18. The data
SCR of the materials. (Note: the same failure was indicate that the failure time was very sensitive to the notch
obtained at Sites D and P, at sites G and J-2, and at position with respect to the pipe surface at each pipe location.
Sites U and W. Thus, only 16 points appear on the Regardless of diameter and resin type, specimens taken from
graph.) the crest in the circumferential direction had a shorter failure
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TABLE 17 Cell class based on ASTM D 3350 of 19 retrieved pipes

Site No. Property
Density' MI? Flexural  Yield orr? ESCR* SP-NCTL?
Modulus  Strength (15%)
(D1505) (D1238) (D790) D638)  (D3895) (D1693) (D5397)
(glcc) (g/10 min.)  (MPa) (MPa) (min.) (hours)
M 294 3 3 5 4 NA 2 NA
spec. 0.941-0.955 0.4to 758 to 21 to Cond. B
0.15 1103 24

Site A 0.9611 0.55 1259 44 20 failed 0.5
Site B* 0.9517 027 934 26 10.5 failed 4.7
Site D 0.9540 0.21 805 23 43 failed 13
Site E 0.9541 0.23 na 30 4.3 failed 5.0
Site F 0.9544 0.26 982 28 8.8 failed 9.4
Site G* 0.9573 0.36 983 39 11.1 failed 25
Site H 0.9483 0.14 927 26 18.0 passed 44
Site 0.9533 0.26 1019 27 0.2 failed 8.6
Site J-1 0.9556 0.07 935 26 74 passed 313
Site J-2 0.9526 0.36 817 30 5.8 failed 2.9
Site K 0.9503 0.05 na 25 14.6 passed 38
Site L** 0.9494 0.04 648 27 10.3 passed 1800*
Site N*™ 0.9522 0.06 761 28 16.6 passed 212
Site O 0.9521 0.30 909 28 6.0 failed 4.7
Site P 0.9508 0.09 na 29 1.9 passed 14
Site R 0.9500 0.06 897 26 6.5 passed 273
Site U 0.9535 042 na 29 0.6 failed 6.3
Site V* 0.9539 0.05 na 27 17.2 passed 102
Site W* 0.9540 0.21 na 30 11.3 failed 6.3

carbon black content varies from 1% to 3%, except Site W contains 6.4%.

* data is extrapolated from higher stresses

* Field samples exhibited rapid crack propagation failure rather than slow crack growth
No cracking observed in field samples

na =non-available

NA =not applicable

! Calculated density resin values

2MI = melt index

3OIT = oxidative induction time

“ESCR = environmental stress crack resistance (criteria 24 hour/50% failure)

SSP-NCTL = single-point notched constant tensile load

++

time when the notch was introduced on the inner crest sucumferential liner specimens was shorter than the longitudinal
face as opposed to the outer crest surface. Similar behaviarer specimens. This phenomenon was reversed, however,
was also observed for specimens taken from the liner locavhen the notch was introduced from the outer wall surface.
tion in the circumferential direction. However, for specimens Induced bending stress also appeared to have a significant
taken from the liner along the longitudinal direction, theeffect on specimens taken in the circumferential direction
opposite behavior was detected; specimens with a notch @t both crest and liner locations. If stress in the pipe wall
the outer liner surface failed earlier than those with a notcheached equilibrium after production, applying tensile stress
on the inner liner surface. onto the circumferential specimens induced tension on the
The difference in failure times between two notch positionsnner wall surface and compression on the outer wall, as
could be caused by the following factors: orientation of polyillustrated in Figure 36. When a notch was introduced on the
mer chains, induced bending stress, or residual stress, or baitimer wall, the actual tensile stress acting at the crack tip was
The effect of orientation was studied by Lu et al., who foundigher than the applied stress, because of the induced bend-
that the failure time of circumferential specimens was shorténg stress. Alternatively, notching from the outer wall surface
than the longitudinal specimens in a polyethylene pressureduced the actual stress at the crack tip. Therefore, circum-
pipe @4). In their study, however, only notching from the ferential specimens with a notch on the inner wall had a
inner wall of the pipe was presented. If only consideringshorter failure time than those notched on the outer wall.
notching from the inner wall, similar results were also The residual stresses in the liner may have caused a dif-
obtained in pipe Samples 4 and 11. The failure time of cirference in failure times between two sets of specimens in the
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Figure 36. The induced stress on a straightened
Longitudinal circumferential specimen.

Figure 35. Locations at which SP-NCTL test speci-

mens were taken from the pipe wall. notched from the outer liner surface, that is, the notch was in

the circumferential direction. The notch grew from the outer

longitudinal direction. A qualitative test was used to confirmsurface through the thickness of the liner. Such cracking was

the existence of residual stress in the liner. A small rectangg§imilar to that which had occurred in the field, suggesting that

lar specimen, 50 mm long and 20 mm wide, was taken frorthe residual stress along the longitudinal direction of the

the liner portion of the pipe. Initially, there was no bending inPiPes could be one of the contributing factors leading to cir-

the specimen, which was placed on top of a hot plate at a tegimferential cracking in pipes.

perature of approximately 80°C. After a while, contraction

occurred on the inner liner surface, causing the specimen to

benq. This_ indicqted that there was a cor.npressivelstress Pr@Smparing Failure Times of SP-NCTL Tests

ent in the inner liner surface and a tensile stress in the outggtween Plaques and Pipe Walls

liner surface. Thus, when the notch was introduced on the

inner wall, the residual compressive stress retarded the crackAs indicated in the previous section, at the same pipe wall

growth, resulting in a long failure time. An opposite effectlocation, different notch positions resulted in different fail-

resulted when the notch was introduced on the outer wall. ure times. The shortest failure time was used to compare data
In all five tested pipes, the shortest failure time resultedbtained from the compression plague and that obtained

from specimens taken in the longitudinal direction androm pipe wall material. Table 19 shows the failure time ratio

TABLE 18 SP-NCTL test results of five evaluated pipe samples

Specimen Notch Average Failure Time in hours (Standard Deviation)
Locations Location Sample #1 | Sample #12 | Sample #5 | Sample #4 | Sample #11
(direction) (orientation) at at at at at
4,14 MPa | 4.14MPa | 4.14MPa | 2.62 MPa | 2.62 MPa
Crest inner crest surface 36 - - 20 47
(circumferential)  [(longitudinal) (x4) (£3) (7
outer crest surface 62 - - 362 109
(longitudinal) = 18) & 127) (+39)
Liner inner liner surface 47 64 22 20 25
(circumferential) (longitudinal) (*4) *11) (x3) (1) (£3)
outer liner surface 73 80 32 90 > 400
(longitudinal) (£3) (= 8) (=3) (£26)
Liner inner liner surface 112 >200 > 200 > 450 > 400
(longitudinal) (circumferential) (= 11)
outer liner surface 59 52 18 14 14
(circumferential) (+£2) (1) *2) (£2) (£2)




TABLE 19 Failure time ratio between molded plaque and different locations of pipe wall

Specimen Notch Failure Time Ratio

Locations Location Sample #1 | Sample #12 | Sample #5 | Sample #4 | Sample #11

(direction) (orientation) at at at at at

4.14MPa | 4.14MPa | 414 MPa | 2.62MPa | 2.62 MPa

Crest inner crest surface 1.7 1.6 0.7
(circumferential) |[(longitudinal)
Liner inner liner surface 1.4 1 1.9 1.6 1.2
(circumferential) |(longitudinal)
Liner outer liner surface 1.1 12 2.3 22 22
(longitudinal) (circumferential)

27

of compression plaque to various pipe locations at the sanoemb, have not been studied. The complex corrugation pro-
applied stress, that is, 2.62 and 4.14 MPa. In general, tlide of these two types of pipe makes the SP-NCTL test dif-
compression plaque had a longer failure time than the corréeult to perform, because the existence of voids in the wall
sponding pipe wall materials, except for the crest location ithickness prohibits the continuation of crack growth. An
Sample 11. The ratio varied from pipe to pipe because of diflternative test method, such as the constant tensile load
ferences in bending and residual stresses induced during tf&TL) test, would be more appropriate to assess the SCR of
manufacturing process as explained previously. finished pipe products. (The description of the CTL test is
Of the various pipe wall locations, the liner in the longitu-presented in Chapter 4.)
dinal direction was the most important one because this was
the location where the field circumferential cracking tOOkCORRELATION BETWEEN SCR AND
place. A ratio of 2.2 was found in Samples 4, 5, and 11, angATERIAL PROPERTIES
a ratio of 1.2 was found in Samples 1 and 12. This difference
may have been due to the residual stress. Samples 4, 5, andt is generally known, as explained by Gabriel et B, (
11 may have had a higher residual stress than Samples 1 ghdt SCR could be related to basic polymer properties, such
12. For specimens taken from the liner in the circumferentiads density and MI. In this section of the report, the possible
direction, a range of ratio values, from 1.0 to 1.9, was foundelationship between these two properties and SCR was
The variation did not seem to correlate either to the pipamvestigated. The failure time of the SP-NCTL test at 15%
diameter or to the manufacturing process. At the crest locgield stress was used to represent the SCR of the pipe mate-
tion, Samples 1 and 4 exhibited a similar ratio value. In cordal. Both commercially available new pipes and retrieved pipes
trast, Sample 11, which was a large diameter pipe, showedagere included. Two graphs were developed: failure time ver-
much lower value. The bending stress in the two smallesus density and failure time versus Ml, as shown in Figures 37
diameter pipes may have enhanced the crack propagationand 38, respectively. A general trend was observed in the data
The effect of pipe processing on the SCR of the resin wgsoints of both graphs. As expected, failure time increased as
clearly demonstrated. However, the current research covetiensity and Ml decreased. The decrease in density implied an
only Type S-annular pipes with diameters of 460, 600, anthcrease in the amorphous phase in the polymer, whereas the
900 mm. Other pipe profiles, including helical and honeydecrease in Ml generally signified an increase in nutdec
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Figure 37. Failure time versus density plotted for ~ Figure 38. Failure time versus melt index plot-

all evaluated pipe samples.

ted for all evaluated pipe samples.
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weight of the polymer. Both of these changes could havthat SCR was a unique characteristic of the polymer that
improved the SCR of the polymer. could be influenced not only by the basic polymer proper-

It is observed that within the specified range of M 294, theéies, but also by other factors, such as the polymerization
failure time varied by 1,000 times. For example, in materiprocess, the types of co-monomer present, and so forth. To
als having a density value of approximately 0.952 §/tme  ensure the resin has an adequate SCR, the resin must be
range of failure time varied from 8 to 200 hr. Similar behav-evaluated by a test that is designed to challenge this specific
ior was also seen in the MI graph. The analysis illustrategroperty.
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CHAPTER3
INTERPRETATION, APPRAISAL, APPLICATIONS

The objectives of this project were to explore and, if appro-  outlets should have cut-off walls or other treatments to
priate, to validate the SP-NCTL test as a qualitative predic- ensure good performance.
tor of slow crack-growth resistance in HDPE corrugated e Criteria for longitudinal bending should be established.
pipes and to determine a minimum failure time requirement  The material testing indicates that circumferential crack-
by correlating the test with field performance of the pipe. The  ing may result in part from residual stresses; however, the
interpretation, appraisal, and applications of the study are problem should also be addressed in the field. Inspection
presented below: personnel will benefit from more definitive guidance on
allowable longitudinal deviations. It may be appropriate
to establish a test for longitudinal strength of the pipe. The
FIELD EXPERIENCES—QUESTIONNAIRES test would need to address the viscoelastic nature of the
AND FIELD INVESTIGATIONS plastic material and its sensitivity to slow crack growth.

The responses to Questionnaire Nos. 1 and 2 and the siteMany cracked field pipes deflected beyond the generally
visits to collect samples provided considerable insight intaccepted deflection limit of 7.5% for thermoplastic culvert
the past performance of corrugated HDPE pipes. A signifipipe or had other installation problems causing high strains.
cant number of corrugated HDPE pipes with cracks werélowever, the 7.5% limit on deflection is a service allowable
located through the questionnaires and field investigationstate, and the occurrence of cracking should be considered an
Much of the cracking was associated with installation probultimate state. Cracking should not occur until deflection lev-
lems that led to deflection or longitudinal bending. Thereels are well beyond the allowable state; however, no criteria
were sufficient cases of cracking under moderate deflectidior ultimate deflection levels for thermoplastic pipe have
levels, however, to warrant attention to the material qualitpeen established. Historically, the deflection limit for metal
and product design, as well as to the installation procedugpe was set at 5%, based on the philosophy that structural
and detailing of pipe junctions with rigid structures such agailure would occur at a deflection level of 20% and a safety
headwalls. Construction recommendations, which are oftefactor of 4 was appropriate. If this criterion were to be applied
applicable to other types of pipe, include the following: to thermoplastic pipe (the researchers are not proposing this),

then all but two of the field-investigated installations would

< Control of backfill material and construction proceduresbe expected to provide good service without cracks develop-

is extremely important to control deflections. The leveling. Even with an ultimate deflection level set at 12% to 15%,
of construction control that can be imposed is an ecamany of the field pipes would still be expected to survive
nomic decision for an owner. The simplest proceduravithout cracking, especially because these pipes were inves-
that should be required for any flexible pipe installationtigated at service lives of 1 to 16 years, whereas the design
is a deflection check at the completion of constructionlife is expected to be 50 years. Finally, when computing
Monitoring the actual construction is also desirableallowable deflection levels for pipe installations, many stan-
including checks on the gradation of backfill material,dards for thermoplastic pipe allow the “tolerance packages”
haunching procedures, and backfill densities. Thes® account for out of roundness prior to installation and for
checks should be imposed on projects where the consdeviations from tolerance on product dimensions. The toler-
quences of failure are significant. Pipe structural backance packages can increase the allowable deflection by sev-
fill under roadways or under deep fills should only beeral percentage points, for example, a pipe deflected 10%
coarse grained soils (A-1, A-2-4, A-2-5, or A-3 permay often be considered acceptable when the allowable
AASHTO M 145). An alternative to full-time inspection deflection is adjusted for the tolerance package, even though
during backfilling is random re-excavation of test pitsthe “allowable” deflection is 7.5%. While AASHTO has not
after backfilling has progressed to the top of the pipe. set standards for ultimate deflection levels or tolerance pack-
< Pipe terminations should be detailed to prevent erosiorages at this time, it is certain that pipe should be expected to
Sites that might be susceptible to erosive conditions ateflect well over 10% without reaching any ultimate limit
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state. The pipe at investigated sites covers the range whereBA00 hr. The failure time range varied for each pipe profile.
ultimate deflection level is likely to be set. Types C- and S-helical pipes had the widest ranges, and the
Type S-honeycomb pipes had the narrowest range.

In addition, data seemed to indicate a correlation between
the SP-NCTL test and ESCR test. Materials with a SP-NCTL
failure time of less than 14 hr failed the current ESCR test

The test condition of the SP-NCTL test was determine&rit?ria' Suqh a correlation cogld serve as a guideline for
based on the results of P-NCTL tests. Fourteen commercialf§Sin @nd pipe manufacturers in understanding the perfor-
available new pipe samples and 19 retrieved samples wednce of their resins in the SP-NCTL test.
evaluated by the P-NCTL test. After considerable testing, a
yield stress value of 15% was selected as the appropriate
applied stress for the SP-NCTL test. This was because t leé'\ggﬂgﬁEggEFgECF?DMP'\éENDAT|ON
linear relationship between applied stress and failure timgorRUGATED PIPE RESINS
ceased to exist at 10% yield stress. In addition, a shorter fail-
ure time could be achieved for QC purposes. The coefficient The recommended minimum failure time for the SP-NCTL
of variation (i.e., standard deviation divided by the meanest was primarily based on results presented in Figure 39,
value) for the failure time at 15% yield stress ranged from 4%t other external factors were also considered. These exter-
to 18%. Ninety-four percent of the 33 tested materials had gy factors included pipe profile design, deflection and buck-
coefficient of variation less than 15%; thus, a value of 15(yﬁng of the pipe, and longitudinal bending of the pipe.

was used as the minimum value in the recommendations. It Type S-helical pipes had the greatest variation in fail-
should be noted that this coefficient of variation value is basel(jire times. from 10 to 580 hr. The maximum failure time of

on performance in a single !aboratqry. This value may bﬁ1e retrieved cracked pipe was approximately 300 hr. For
higher among other laboratories. An interlaboratory program trieved cracked Type C-helical pipes, a failure time of less

. ) . r
on the complete test procedure (including plague making ar}ﬁan 10 hr was measured. In contrast, a failure time greater

SP-NCTL testing) is needed to verify this value with more : . .
confidence 9) fy than 100 hr was measured on pipes retrieved from Sites L and

The SP-NCTL test results—failure times at 15% yieIdN' These two pipes were reported to have no cracking but

stress—of the 29 tested pipe samples are shown in Figure 3¢£7€ associa_te.d with a large dgflection. In_ particqlar, the pipe
(Note that data obtained from Sites B, G, V, and W field" Site L exhibited a 16% vertical deflection. This suggests
samples were excluded in this analysis because their crackifftpt SCR of the resin is a critical parameter to reduce the
was not caused by the slow crack-growth mechanism.) TH&acking potential of HDPE pipe in the field. Although some
data were further divided according to the corrugation profil@f the helical pipes were manufactured from resins with a high
type. Data from S-helical, C-helical, annular, and honeycomBCR, these pipes are more susceptible to cracking in the field
pipes were arbitrarily shifted to 15.1, 15.05, 15, and 14.95 ddecause of their complex corrugation profile. According to the
the yield stress, respectively. The results indicated that th@pe manufacturers, the production of Type C- and S-helical
SP-NCTL test effectively distinguished the SCR of differentpipes in culvert size has been terminated. Thus, consideration
HDPE resins. The overall failure time ranged from 0.5 hr t@f the minimum failure time for current HDPE corrugated

VALIDITY OF THE SP-NCTL TEST

1515 p—r—rrrem Trrm
[ @  new S-helical pipes
15.1 A ® o-e O field S-helical pipes
B A field C-helical pipes
g B field uncracked
2 15.05 FAY P B B C-helical pipes
o) ¢ new annular pipes
a & field annular pipes
§ 15 -0 ¥ new honeycomb pipes
na:)' L V  field honeycomb pipes
1495 | i ]
14.9 [ Ll L Ll Jeredeerdeo L AL A L L
0.1 1 10 100 1000 10*

Failure Time (hours)

Figure 39. Failure times of commercially available new
pipes and retrieved pipes separated according to their cor-
rugation profile.



pipes excluded this group of data and was limited to Type
S- and C-annular pipes and Type S-honeycomb pipe.

However, a minimum failure time is still recommended
for Type C- and S-helical pipes to provide a baseline require-
ment for any future production from outside the United States.
The pipes in Sites L and N were used as reference points. A
minimum failure time of 400 hr is recommended for these
two types of pipes. This value is between those of Sites L and
N and is also above the highest failure time measured from
the cracked pipe.

For Type S-annular, Type C-annular, and Type S-honeycomb
pipes, there was a significant amount of overlapping in fail-
ure times obtained from commercially available new pipes
and retrieved pipes. This suggests that the SCR of these resins
were similar, even though some of the pipes had been
exposed to site ambient environments for 7 years. The fail-
ure time of annular pipes varied from 3 to 100 hr, whereas
the failure time of the honeycomb pipes was between 5 and
8 hr. The Type S-honeycomb pipe at Site U had a large ver-
tical deflection (reaching 20%) as well as buckling. Such
behavior of the pipe was likely associated with poor installa-
tion, which subsequently led to cracking in the pipe. The fail-
ure time of this pipe was not included in the determination of
the minimum failure time.

For the remaining four cracked pipes, the maximum verti-
cal deflections ranged from 3% to 11%. These values may
not be unusual in the field, especially for localized deforma-
tions. The longest failure time of these four cracked pipes
was 14 hr, which corresponds to Site P. The pipe at Site P
exhibited a 5% vertical deflection without buckling or bend-
ing. This suggests that cracking was most likely induced by
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Compression molded plaques are prepared according
to ASTM D 1928, Procedure C. The thickness of the
plagues shall be 1.78 mm £ 0.05 mm.

Applied stress shall be at 15% vyield stress of the
molded plaque.

Five test specimens should be used.

The average failure time must exceed 24 hr.

None of the five test specimens should fail in less
than 17 hr.

(Because the coefficient of variation of the test is
+15%, the standard deviatioa)(of the test with an
average failure time of 24 hr will be equal to 24
0.15=3.6 hr. ASTM uses two standard deviations to
define the variability of the test. Thus, the upper and
lower limits are 24t 7 =17 and 31 hr, respectively.)

2. Resins for Type S- and Type C-helical Pipes
e Compression molded plaques are prepared according

to ASTM D 1928, Procedure C. The thickness of the
plagues shall be 1.78 m#0.05 mm.

Applied stress shall be at 15% vyield stress of the
molded plaque.

Five test specimens should be used.

The average failure time must exceed 400 hr.

None of the five test specimens should fail in less
than 280 hr.

(Because the coefficient variation of the testli§%,

the standard deviatioro) of the test with average
failure time of 400 hr will be equal to 40®.15=60

hr. ASTM uses two standard deviations to define the
variability of the test. Thus, the upper and lower lim-
its are 4001120= 280 and 520 hr, respectively.)

the material rather than the installation. Thus, the lowest limit Figure 40 is a re-plot of Figure 39, incorporating the min-

for resins can be established at 14 hr. To ensure 95.4 % (i.g,

um average failure time limit for these two groups of

mean value plus two standard deviations) of the materig}5ierials.

exceeded 14 hr, an average failure time of 24 hr was required
based on a 15% coefficient of variation, as illustrated in the
following calculation:

MINIMUM FAILURE TIME RECOMMENDATION

OF THE SP-NCTL TEST FOR HDPE
CORRUGATED PIPES

mean values 24 hr

standard deviatioro] = 24 hr(115%= 3.6 hr,

20=203.6 hr=7.2 hr

minimum value= mean value- 26 =24 hr—7.2 hr=16.8 hr

The SCR study of the final pipe products was only per-
formed on Type S-annular pipes. The other profiles, helical
and honeycomb pipes, were not evaluated because of the

_ _ ) complex corrugation profile that limited the performance of
It should be recognized that the pipe at Site P was mange SP-NCTL test.

factured from a resin that passed the ESCR test. Resins usetn the basis of the test data obtained from the Type
in the other three cracked samples failed the current ESCg_annLHar pipes, it is clear that the p|pe process has a strong

test. This suggests that the recommended failure timgnpact on the SCR of the resin. The finished pipes generally
should result in resins with SCR better than the current SCRhowed a lower SCR than the corresponding pipe resin.

requirement. However, the reduction factor varied greatly from 0.7 to 2.3
The recommended specification for the SP-NCTL test ofiepending on the size and process of the pipe. Both residual
HDPE corrugated pipes includes the following: and bending stresses had a large influence in the performance
of the SP-NCTL test.
1. Resins for Type S- and Type C-annular Pipes and Type At the present time, it seems premature to recommend the
S-honeycomb Pipes SP-NCTL test as the SCR test for finished corrugated pipes.
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Figure 40. Failure times of commercially available new
pipes and retrieved pipes along with the minimum failure time
limits. (The solid line is the limit for annular and honeycomb
pipes; the dotted line is the limit for helical pipes.)

SPECIFICATIONS has been further divided according to the pipe profile. It should
be emphasized that all evaluated pipes in this study had diam-
The following three AASHTO specifications are beingeters greater than 300 mm. Testing of smaller diameter pipes
modified based on the finding of this research: has not been validated. Thus, adapting these recommendations

in Specification M 252 for pipes with diameters less than 300
* AASHTO Standard Specification for Corrugated Poly-mm should be approached cautiously.

ethylene Pipe: M 294, For finished pipe products, there is no recommendation
* AASHTO Standard Specification for Highway Bridges regarding the SP-NCTL test. However, modifications are

(Section 18), and proposed to make the 9BSCR pipe test a stand-alone test.
* AASHTO LRFD Bridge Design Specifications. For the other two specifications, Section 18 and LRFD

Bridge Design, material requirements are referred to the
The item to item change in each of these specifications ig 294 Specification.

included in Appendix I. Basically, there are two issues

involved in the modification.

o the that there is no proposed_char_lge t_o the M 252 S_pe&a” Classification Modification

ification, because all evaluated pipes in this study had diam-

eters greater than 300 mm. The implementation of test resultS14 cell classification should be modified in these three

on small diameter pipes is not certain. specifications to reflect changes in the SCR tests. The current

cell class number for the ESCR is “2.” This number should
Incorporating the SP-NCTL Test pg changed to “0” if the .SP-NCTI._ test is adopted. The spec-
into the Specification ification should not require two different SCR tests. The cell
class “0” in ASTM D 3350 is referred to “unspecified.”
The test procedure of the SP-NCTL test and specific mirlnstructions for the SP-NCTL test procedure and require-
imum failure times have been inserted into M 294 Specificaments should then be incorporated into the appropriate sec-
tion for basic resin requirements, and the recommendatidaion(s) of the specification to guide the user.
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CHAPTER4
CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS Laboratory Studies

The conclusions of the study are presented in two parts: Fourteen commercially available new pipe samples and 19
field investigations and laboratory studies. retrieved samples were evaluated for their SCR as well as
their basic material properties. Following are the conclusions

drawn from the laboratory studies:

Field Investigations
« The majority of the tested pipe samples conformed to

the current ASTM D 3350 Specification for density, M,
flexural modulus, and tensile yield strength. The carbon
black content varied significantly between the samples;
many pipe samples had values below the lower specified
limit. For the ESCR test, 8 out of the 14 commercially
available new pipes and 11 out of the 19 retrieved sam-
ples failed the required criterion. This indicates that the
SCR of pipe materials must be properly evaluated.

The pipe resins were also assessed using the P-NCTL
test for their SCR property. Based on the test results, a
15% yield stress was selected as the applied stress for
the SP-NCTL test.

The SP-NCTL test data of the 33 pipe samples—failure
time at 15% yield stress—ranged from 0.5 to 1,800 hr,
reflecting a large variation in their SCR behavior. How-
ever, pipes made from high SCR resin, for example,

As described in the Findings section of the report and
documented in Appendix B, the majority of the responses
expressed a good or satisfactory experience on the overall
performance of the HDPE corrugated pipes, even though the
mailing distribution was targeted in part to locate sites with
cracking. Of the 62 sites that had problems associated with
deflection, buckling, and cracking, 29 sites were identified
and visited. Following are the conclusions related to crack-
ing that are drawn from the field investigation: .

 Circumferential cracks were the dominant type of crack-
ing, signifying the existence of longitudinal stresses in
the pipe. The stresses could have been caused by the’
combination of localized deformation, longitudinal bend-
ing, excessive deflection and buckling, and residual stress
in the pipe.

For Type S-helical and annular pipes, the circumferen-
tial cracking took place at the junction between the cor-
rugation and the liner where the stress concentration was
the highest. Cracks typically initiated from the outer sur- °
face and grew through the liner thickness. Thus, pipe
geometry is one of the factors that influence the SCR of
the pipe. This type of cracking may not lead to collapse
of the pipe but could affect the hydraulic performance.
Longitudinal cracking was also observed in four of the
sites. Some of the longitudinal cracks propagated through
the outer corrugation, allowing soil to infiltrate into the
pipe. This type of cracking could have a critical effect
on the long-term soil/pipe interaction and should be -
avoided completely.

Poor installation was found to be the likely cause for
excessive deflection and buckling in some of the sites.
Appropriate construction procedures are essential in
achieving proper installation.

Site L, showed a greater tolerance to cracking even
under a large deflection. This demonstrates that SCR is
an important parameter to prevent cracking in the field.
Based on SP-NCTL test data obtained from 19 retrieved
samples, a minimum failure time was determined for
two different groups of corrugated pipes:

Group 1—Type C- and S-helical pipdsis recom-
mended that the minimum average failure time be greater
than 400 hr.

Group 2—Type C-annular, Type S-annular, and Type
S-honeycomb pipe#t is recommended that the mini-
mum average failure time be greater than 24 hr.
Regarding the SCR of final pipe products, the bending
and residual stresses that were induced by the manufac-
turing process of Type S-annular pipe were shown to
have a large effect on the SCR of the resin. The residual
stress had the greatest effect on the longitudinal direction
of the liner with crack growth from the outer surface
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through the liner thickness. This implies that residual
stress could be one of the factors that led to pipe crack-
ing in the field.

* For other pipe profiles, helical and honeycomb, the SP-
NCTL test was not performed on their finished products
because of complex corrugation and void existence.

At present, the SP-NCTL test is not recommended for use
in the evaluation of the SCR of finished pipe products.

[EHUSISFIINOI)

SUGGESTED RESEARCH
Longitudinal

There are three areas that require additional research to

further the understanding of the long-term performance drigure 41. Location of the CTL test specimens
corrugated pipes. across the junction.

Constant Tensile Load Test

on Finished Pipe Products geometry. Thus, the sensitivity of the pipe profile with respect

The limitation of the SP-NCTL test on the finished corru-to SCR can be evaluated.

gated pipes was identified in this study. An alternative test
that can evaluate the SCR of all types of corrugated pipes {S,ajuation of Antioxidants
urgently needed, because the curreftEXBCR pipe test is
impractical for large diameter pipes. In addition, the test The large variation in OIT test data indicated that there
does not test the pipe location that is sensitive to stresgere different antioxidant packages being used in the tested
cracking. HDPE corrugated pipes. Because the function of antioxidants
In this study, a new SCR test was explored. The new te# to preserve the property of the polymer, a minimum required
is called the constant tensile load (CTL) test, which istmount for the commonly used antioxidant package should
designed to assess the SCR of the finished pipe at any lod¥ determined to ensure a desired design lifetime. A labora-
tion. The initial tests were performed on the liner-corrugatioiory acceleration test together with the Arrhenius equation
junction of both Type S-helical and Type S-annular pipes.
This is because the most common location for cracking in
Type S pipes was at the junction between the liner and the
corrugation, as illustrated in Figure 2 in the report. The crack
initiated from the outer liner surface and grew through th
thickness of the liner. This cracking behavior implies that th
junction is the location most susceptible to cracking and
should be evaluated accordingly.
Test specimens were taken directly across the junction
region of the pipe, as illustrated in Figure 41. The specimen

size used in the CTL test was in accordance with ASTM
D 638, instead of ASTM D 5397, because the constant width i

section of the D 638 tensile specimen accommodated the
entire interfacial junction, as revealed in Figure 42. The most

important difference between the CTL test and the SP-NCTL

test is that no notch was introduced to the CTL test speci-

mens. The test specimens were subjected to a single applied
stress corresponding to a 15% vyield stress of the molded
plaque. The test conditions were the same as the NCTL tesy
that is, in 10% Igepal solution at 50°C. The failure
occurred at one of the junctions where the stress was coh-
centrated. The failure time of the CTL specimen dependg
on factors such as the resin, internal defects, and thiééganc

Figure 42. Sideview of the CTL test
specimen, using ASTM D 638 Type
IV dimensions.
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can be used to predict the lifetime of the antioxidant packagaescribed in the findings of the report, rapid crack propaga-

and the polymer9| 12). tion is associated with cool temperature and dynamic load-
ing. The current required drop weight test should be properly
Impact Test evaluated, because this test may not be applicable for large

diameter pipes. A study performed on gas pipes has found
Cracking in four retrieved samples was found to be via ¢hat large diameter pipes are more susceptible to rapid crack
rapid crack propagation rather than a slow crack growth. Agropagation13).
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APPENDIX C

CORRUGATION PROFILES OF FOURTEEN COMMERCIALLY AVAILABLE
NEW PIPES

Figure 1 shows the corrugation profiles of 14 commer-
cially available new pipes.



78.20 ! “m

Pipe Sample #1.2, & 3
(18”2 ANNULAR)

81.28
267 CREST
Mfﬂ §
ke B AN
L 1.9¢ %
Pipe Sample #4

(24”6 ANNULAR)

78.20 AQ—-—;
218

.

o 76.20 L I

Pipe Sample #5 & 6
(24”0 ANNULAR)

Figure 1. Cross-sectional profiles of various pipes
with approximate dimensions in millimeters.
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Figure 1. Continued.



41

CRESY
WS
101.60 1,91
Pipe Sample #9
(24”2 ANNULAR)

: 13718 { CRESY

f— 60.88

133.35 218 |

Pipe Sample #10
(36”0 ANNULAR)

101.60

Pipe Sample #11
(36”0 ANNULAR)

Figure 1. Continued.



42

123.19 CREST

Pipe Sample #12
(36”2 ANNULAR)

149,88

Pipe Sample #13
(48”0 ANNULAR)

e vaS
i 83.50 - 8985 343 ~

)0989

Pipe Sample #14
(48”0 HONEYCOMB)

L]
|
g

66.04 — 68.58

|

p -

Figure 1. Continued.
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APPENDIX |
MODIFICATIONS TO AASHTO SPECIFICATIONS

Appendix | contains the recommended modifications td-2. AASHTO Standard Specification for Highway Bridges (Sec-
the following AASHTO specifications: tion 18—Soil-Thermoplastic Pipe Interaction Systems); and

I-3. AASHTO LRFD Bridge Design Specifications.
I-1. AASHTO Standard Specification for Corrugated Poly-

ethylene Pipe: M 294; The modified language is underlined.
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I-1. MODIFICATIONS TO AASHTO STANDARD SPECIFICATION FOR
CORRUGATED POLYETHYLENE PIPE, 300 mm to 900 mm: M 294

Iltem 1-Insert ASTM D5397 in Section 2 (inserted section is underlined)

Current specification Modified specification
2. REFERENCED DOCUMENTS 2. REFERENCED DOCUMENTS
2.1 ASTM Standards 2.1 ASTM Standards
D 3350 Standard Specification for D 3350 Standard Specification for
Polyethylene Plastics Pipe Polyethylene Plastics Pipe
and Fittings Materials and Fittings Materials
F 412 Terms Relating to Plastic D 5397 Evaluation of Stress Crack
Piping Systems Resistance of Polyolefi

Geomembranes Using

Notched Constant Tensile

Load Test.
F 412 Terms Relating to Plastic

Piping Systems
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Item 2—Modifications to Cell Class and Insertion of the SP-NCTL Test into Section 6 (changes are underlined)

Current specification Modified specification
6.0 MATERIALS 6.0 MATERIALS
6.1. Basic Materials 6.1 Basic Materials

6.1.1 Extruded Pipe and Blow Molded FittingRipe 6.1.1 Extruded Pipe and Blow Molded FittingBipe

and fittings shall be made of virgin PE compounds and fittings shall be made of virgin PE compounds
which conform with the requirements of cell class  which conform with the requirements of cell class
335420C as defined and described in ASTM D 3350,335400Cas defined and described in ASTM D 3350,
except that the carbon black content shall not exceedexcept that the carbon black content shall not exceed
5 percent, and the density shall not be less than 0.945 percent, and the density shall not be less than 0.945
g/cn? nor greater than 0.955 g/énCompounds that  g/cn? nor greater than 0.955 g/én€ompounds that
have higher cell classifications in one or more have higher cell classifications in one or more
properties, with the exception of density, are properties, with the exception of density, are
acceptable provided product requirements are met. acceptable provided product requirements are met.

For environmental stress crack resistance, compounds

shall be evaluated using the single point notched

constant tensile load (SP-NCTL) test, according to the

procedure described in Section 9.5 of the

Specifcation.

6.2 Reworked Materiatdn lieu of PE, clean 6.2 Reworked Materiatdn lieu of PE, clean
reworked material may be used by the manufacturer,reworked material may be used by the manufacturer,
provided that it meets the cell class requirements as provided that it meets the cell class requirements, and

described in Section 6.1. the minimum failure time of the SP-NCTL test

described in Section 6.1.
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Iltem 3—Modifications to Section 7.6 (changes are underlined)
Current specification Modified specification

7.6 Environmental Stress Crackinghere shall 7.6 Environmental Stress Cracking

be no cracking of the pipe when tested in accordance 7.6.1 For finished pipethere shall be no cracking

with Section 9.4. of the pipe when tested in accordance with Section 9.4.

7.6.2 Resin compounds shall be tested in

accordance with Section 9.5. For helical Type C, S,

CP, and SP pipes, the average failure time must

exceed 400 hours. None of thesfispecimens shall

have failure times less than 280 hours. For annular

Type C, S, CP and SP pipes and honeycomb Type D

pipes, the average failure time must exceed 24 hours.

None of the fie test specimens shall have failure

times less than 17 hours.
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Iltem 4—Modifications to Section 9 (changes are underlined)

Current specification

9.4 Environmental Stress Crackingjest sections
of the tubing for environmental stress cracking in
accordance with ASTM D1693, except for the
following modification:

9.5 Fittings:

9.6 Dimensions:

Modified specification

9.4 Environmental Stress Cracking of Finished
Pipe—Test sections of the pifer environmental
stress cracking in accordance with ASTM D1693,
except for the following modification:

9.5 Environmental Stress Cracking on Basic

Resin—Test basic resin compounds for environmental

stress cracking in accordance with the ASTM D5397-

Appendix, the SP-NCTL test, except for the following

modifications:

9.5.1 Resin compounds shall be compression

molded according ASTM D 1928, Procedure C. The

thickness of the plague shall be 1.8 mi®.5 mm

(0.071 in.+ 0.002 in).

9.5.2 Five test specimens shall be taken from the

molded plague along the same orientation.

9.5.3 Applied stress of the test shall be 15% of the

yield strength of the compound according to ASTM D

638 Type IV.

(Note the change to the subsequent section numbers.)

9.6 Fittings:

9.7 Dimensions
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I-2. MODIFICATIONS TO AASHTO STANDARD SPECIFICATION FOR
HIGHWAY BRIDGES (SECTION 18—SOIL-THERMOPLASTIC PIPE

INTERACTION SYSTEMS)

Iltem 1-Modifications to Section 18.4.3.1.2 (changes are underlined)

Current specification
18.4.3.1.2Corrugated PE pipe requirements—
AASHTO M 294
Mechanical Properties for design
Initial 50 Year
Min. Max. Min. Max.
Tensile Mod. Tensile Mod.

Strength  of Elast. Strength  of Elast.
(MPa) (MPa) (MPa) (MPa)

21 758 6.3 152

Modified specification
18.4.3.1.2Corrugated PE pipe requirements—
AASHTO M 294

Mechanical Properties for design

Initial 50 Year
Min. Max. Min. Max.
Tensile Mod. Tensile Mod.

Strength  of Elast. Strength  of Elast.
(MPa) (MPa) (MPa) (MPa)

21 758 6.3 152

Minimum cell class, ASTM D 3350, 335420C Minimum cell class, ASTM D 3350, 335400C, with

Allowable long term strain = 5% additional environmental stress crack resistance

evaluation according to SP-NCTL test as set forth in

AASHTO M 294

Allowable long term strain = 5%
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I-3. MODIFICATIONS TO AASHTO LRFD BRIDGE DESIGN SPECIFICATIONS

Iltem 1-Modifications to Table 12.12.3.3-1 (changes are underlined)

Current specification Modified specification
Table 12.12.3.3-IMechanical Properties of Table 12.12.3.3-IMechanical Properties of
Thermoplastic Pipes Thermoplastic Pipes
Cell class for Corrugated PE Pipe— Cell class for Corrugated PE Pipe—
AASHTO M 294 to ASTM D 3350 AASHTO M 294 to ASTM D 3350
335420C. 335400C with additional environmental stress crack

resistance evaluation according to SP-NCTL test as

set forth in AASHTO M 294




APPENDIX A
QUESTIONNAIRE TO INQUIRE ON THE FIELD PERFORMANCE OF

CORRUGATED HIGH DENSITY POLYETHYLENE PIPE SYSTEMS



Questionnaire No.1 - Request for General Information on Corrugated HDPE Pipe I nstallations

The purpose of Questionnaire No.1 is to establish your general experience with corrugated HDPE pipe. We are interested in
the applications, sizes, depths of fill, and performance information. If you have a specific site where pipe(s) have cracked,
please fill out Questionnaire No. 2 for that site. The source of the information will be kept confidential. (i.e., the specific site
location, the manufacturer's name and the names of people offering information will not be identified in the project r

eport.)

1) Application(s) of the pipe (check all that apply):

Culvert Storm drain Sanitary sewer Cross drain Side drain
Other (such as experimental research)

2) Diameter:
Minimum (in) Maximum (in)

3) Approximate installed lengths for all your sites:

diameter less than or equal to 18 in (ft)
diameter greater than 18.in (ft)
installed before 1990 (ft)
installed after 1990 (ft)

4) Approximate burial depths for all your sites:
minimum depth of fill under roadways (ft)
minimum depth of fill without traffic (ft)
maximum depth of fill (ft)

5) What is your general experience with corrugated HDPE pipe:
Good Satisfactory Unsatisfactory
Comments:

6) Regardless of your answer to question 5, have you encountered problems with corrugated HDPE pipes:

None Deflections Cracks Joints Buckling Others

Comments;

7) Respondent information
Name Telephone
Organization
Address

8) If you are not the owner of the system
Owner contact Telephone
Organization
Address

Please fax thisform to Grace Hsuan by March 28, 1997 at (215) 895-1437

If your have any questions you can contact:

Grace Hsuan Timothy McGrath

GRI/Drexel University Simpson Gumpertz & Heger, Inc.
Rush Building- west wing 297 Broadway

Philadelphia, PA 19104 Arlington , MA 02174

Tel: (215) 895-2785 Tel : (617) 643-2040 (x240)
e-mail: ghsuan@coe.drexel.edu e-mail : imcgrath@sgh.com

A-2



Questionnaire No. 2 - Request for Information on Performance of Specific I nstallation

with Corrugated HDPE Pipe
(please copy and use a separate form for each site)

The purpose of this questionnaire is to provide information on specific site where corrugated HDPE pipe has been installed
and experienced cracking. The source of the information will be kept confidential. (i.e., the specific site location, the
manufacturer's name and the names of people offering information will not be identified in the project report.)

1

2)

3)

4)

5)

6)

7)

8)
9)
10)
11)
12)
13)

14)

Application of the pipe:

Culvert Storm drain Sanitary sewer Cross drain

Side drain

Other (such as experimental research)

Location of the site: Town/City/State

Highway/Route/Exit

Street/Road
Year installed:
Structure above the pipe:  Asphalt pavement Concrete pavement Unpaved roadway
Other

Pavement thickness:

Average daily traffic: Heavy Medium Light
Type of backfill around the pipe: Gravel Sand Silt Clay Mixed
ASTM D 2487 Classification (if available)
Depth of fill above the pipe (from top of the pipe to ground surface): (ft)

Corrugation profile (check all that apply):
Corrugated interior Smooth interior
Corrugation type: Spiral Annular

Pipe inside diameter : (inch)

Pipe manufacturer or Distributor :

Total length of the pipe : (ft)

Number of pipe sections:

Availability of pipe material specification: yes , no
Availability of installation specification: yes , no

When was the pipe inspected?

date Frequency
Documentation availability: Report Photos

A-3



15) Please give an assessment of the condition of the pipe system:
(a) Deflections? yes no
(i)  number of readings taken:

(ii)  location(s) with respect to the pipe end (east, west, north or south):

(iii) average vertica diameter: (inch)
(iv) average horizontal diameter: (inch)
(b) Buckling? yes no

(i)  location(s) with respect to the pipe end (east, west, north or south):

(i)  circumferentia position (use clock position when looking upstream):

(iii)  approximate description:

(c) Splitting or Cracking? yes no
(i)  number of cracks:
(i)  therange of crack lengths: min. (inch) ; max. (inch)

(iii)  location(s) with respect to the pipe end (east, west, north or south):

(iv) areall the crackslocated in a particular section of the pipe?
(v) typeof cracks: Circumferential cracks , number

Longitudinal cracks , number
(vi) for corrugated pipes, describe locations of the cracks with respect to the pipe profile:
(vii) other observations or comments:

(d) Problemsat joints?
(i)  approximate description:

(16) Areany of the cracked areas readily accessible for inspection? yes ,no
(17) Will your department perform an inspection in the next three months? yes , no
(18) Canwe obtain permission to visit the site and take samples for evaluation? yes , no

(19) Respondent information
Name Telephone

Organization

Address

(20) If you are not the owner of the system
Owner contact Telephone

Organization

Address

Please fax thisform to Grace Hsuan by March 28, 1997 at (215) 895-1437
If your have any questions you can contact:

Grace Hsuan Timothy McGrath

GRI/Drexel University Simpson Gumpertz & Heger, Inc.
Rush Building- west wing 297 Broadway

Philadelphia, PA 19104 Arlington, MA 02174

Tel: (215) 895-2785 Tel : (617) 643-2040 (x240)
e-mail: ghsuan@coe.drexel.edu e-mail : jmcgrath@sgh.com
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APPENDIX B
RESPONSES OF QUESTIONNAIRE

Table B-1 — Summary of Information from Questionnaire 1

Table B-2(l) — Basic Data from Questionnaire 2

Table B-2(Il) — Additional Data from Questionnaire 2




Region 1 - CT, MA, ME, NH, NJ,
NY, PR, R, VT

Region 2 - DC

LR Region 8- DE, MD, PA,. WV, VA
m Region 4 - AL, FL, GA, KY, MS,
NC, SC, TN

_ Region 5 - IL, IN, OH, MI, MN, WI

Eﬁ%ﬁ Region 6 - AR, LA, NM, OK, TX

EA Rt Bt Nt

“ Region 7 - 1A, KS, MO, NE
- Region 8 - CO, MT, ND, SD, UT, WT
- Region 9 - AZ, CA, HI, NV
B recion 10 - AK. 1D, OR, WA

Note: Locations of organizations responding to Questionnaire No. 1 are reported based
on the Federal Highway Administration (FHWA) Region in which they are located.

Figure B-1 - FHWA Regions
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Table B-1 - Response of Questionnaire 1

(Questionnaire No. 1: Responses General Information on Corrugated HDPE Pipe Installation)

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) <450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)

1 Region 4 |Culvert 900 450 na na na na na Good Deflections; Buckling
(Deflection due to
improper installation)

2 Region 4 [Storm drain na 375 27 na na 27 [0.75 (min.) na na

Experimental 0.9 (max) (Limited sites) (Still monitoring)
research

3 Region 5 [Storm drain 750 300 300 30 150 180 ]0.45 (min.) Satisfactory Joints

Culvert 0.15 (min. no
traffic)
1.5 (max.)
4 Region 5 [Storm drain 900 300 1500 1500 0 3000 [0.6 (min.) Unsatisfactory Joints; Buckling
0.3 (min. no (Too fragile, easily damaged
traffic) during installation)
3.6 (max.)
5 Region 1 [Culvert 900 150 300 300 na na [2.4 (min.) Satisfactory na
Storm drain (375 mm)| (750 mm) 1.2 (min. no (Limited experience)
Cross drain traffic)
Side drain 2.4 (max.)
6 Region 5 |Culvert 900 150 na na na na |0.9 (min.) Satisfactory Deflections; Cracks; Joints
Storm drain 7.5 (max.) Buckling
Sanitary sewer
Cross drain
Side drain
7 Region 6 |Culvert na 300 na na na na 1.2 (min.) Good Cracks
Storm drain 0.45 (min. no (exposed end section of pipe
Sanitary sewer traffic) probably can be damaged by
Cross drain mowing)
Side drain
8 Region 1 |Culvert 750 150 2100 270 0 na |0.9 (min.) Satisfactory na
Storm drain 0.9 (min. no
Cross drain traffic)
Side drain
9 Region 1 [Storm drain 750 450 996 180 na all 1.5 (min.) Satisfactory na
2.5 (max.)
10 Region 6 |Culvert 600 600 0 90 to 0 105 [0.6 (min.) Satisfactory na
Side drain 120 0.3 (min. no (Concern silting problem
traffic) difficult to clean
0.6 (max.) the corrugated wall)

Note : na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m) Burial General Experience Problems Experienced
Region (mm) < 450 > 450 [Before[ After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.| mm Dia. | 1990 | 1990 (m)
11 Region 4 |[Culvert 900 450 na 300 na 300 [1.5(min.) Satisfactory na
Storm drain 0.9 (min. no (Poor backfill can cause
traffic) misalignment of pipes)
4.5 (max.)
12 Region 4 |Culvert 450 300 15 na na 105 [0.6 (min.) Good na
Cross drain 3.6 (max.)
Side drain
13 Region 4 |Culvert 450 375 12 12 na na |[0.45 (min.) na na
Cross drain 0.6 (max.) (Just started, too early
Side drain to provide information)
14 | Region 10 [Culvert 900 300 na na na na [1.2 (min.) Satisfactory na
3.6 (max.)
15 Region 3 [Culvert 1200 100 na na na na |0.45 (min.) Good Deflections; Crack; Joints
Storm drain 0.45 (min. no [(HDPE pipe is mostly used (difficult to maintain alignment)
Cross drain traffic) in maintenance work) (see Questionnaire 2)
Side drain 12 (max.)
Exp. research
16 | Region 10 [Culvert 1200 450 1590 750 0 2340 10.6 (min.) Good na
Storm drain 0.6 (min. no (Contractors taking
Experimental traffic) advantage of lower material
use in subdrain 4.5 (max.) & installation costs in the
behind structure 450 mm and 600 mm pipes)
17 Region 5 [Storm drain 900 375 na na na 300 [0.6 (min.) Unsatisfactory Deflections; Joints; Buckling
4.5 (max.) ( pipes can be damaged
during installation)
18 Region 5 |Culvert 450 300 3600 na na 3600 |1.2 (min.) Good/Unsatisfactory Deflections; Cracks; Joints
Storm drain 1.2 (min. no (good for entrance culverts; Buckling; Crushed
traffic) not suitable for storm (replace 30-40% of pipes
3 (max.) sewer and under roadway) due to above problems)
(see Questionnaire 2)
19 Region 1 [Culvert 1200 375 1077 98 74 1101 ]0.9 (min.) Good na
0.45 (min. no  [(Some seam cracked (currently cannot inspect
traffic) due to transportation) the pipes due to snow cover
3 (max.) and ice)
20 Region 5 [Culvert 1350 300 9600 2854 60 12394 (0.3 (min) Good na
Storm drain 0.3 (min. no (Not every new pipe has been
Cross drain traffic) inspected after installation)
Side drain 4.5 (max.)
21 Region 1 [Culvert 900 375 300 600 na 900 0.3 (min.) Satisfactory Deflections
Storm drain 1.2 (max.)
Note : na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) <450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia | 1990 | 1990 (m)

22 Region 6 |[Storm drain 900 600 na 2400 na 2400 [0.3 (min) Satisfactory Deflections; Crack; Joints
0.3 (min. no (Most problems occurred in
traffic) the handling and installation)
4.5 (max.)

23 Region 6 |Culvert 600 600 na 266 na 266 0.3 (min) Good na

Cross drain 0.3 (min. no
traffic)
0.36 (max.)
24 Region 8 |[Cross drain na 450 na 300 300 na na Satisfactory na
Side drain (haven't used much and
none installed recently)
25 Region 4 [Culvert 1200 300 12 25 na na [1.2 (min) Satisfactory Deflections; Buckling
Storm drain 0.3 (min. no
traffic)
2.4 (max.)
26 Region 8 [Culvert 900 375 na na na na |na Satisfactory Deflections; Cracks; Joints
Storm drain since 1987, over 300 m (results varied from (see Questionnaire 2)
good to not so good)

27 Region 1 |Storm drain 900 na na na na na [na Satisfactory Deflections; Cracks; Buckling

Side drain One pipe under roadway
Experimental had failed

basis for (see Questionnaire 2)
cross drain

28 Region 6 |Storm drain na na na na na na [na na Cracks

(see Questionnaire 2)
29 Region 7 |Culvert na 150 15000 limited 7500 7500 [0.9 (min. no Satisfactory Calcium carbonate deposits
Storm drain traffic) (see Questionnaire 2)
Sanitary sewer 1.8 (max.)
Side drain
30 Region 4 |Storm drain 750 375 840 1800 na 2640 [1.2 (min) Satisfactory Deflections; Cracks; Joints
Cross drain 0.6 (min. no (most deflections are
Side drain traffic) related to installation)
2.4 (max.) (see Questionnaire 2)
31 Region 5 |Storm drain 900 300 120 to 240 to 0% 100% (0.9 (min) Good None
150 300 0.6 (min. no
traffic)
1.8 (max.)
Note : na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m) Burial General Experience Problems Experienced
Region (mm) < 450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.| mm Dia. | 1990 | 1990 (m)
32 Region 1 |Sanitary sewer 750 750 na 600 0 600 [1.8 (min. no Unsatisfactory Deflections; Cracks; Joints
traffic) (most problems and Buckling
6 (max.) associated with (Pipe floated during
installation) installation due to poor
backfill)
(see Questionnaire 2)
33 Region 1 |Culvert 600 300 450 1050 na 1500 |0.45 (min) Good none
Storm drain 0.6 (min. no (easily installed
traffic) lightweight)
1.5 (max.)
34 Region 4 |Storm Drain na 600 na na na na 0.3 (min. no Unsatisfactory Cracks; Buckling
traffic) (retrieved sections were
0.3 (max.) cracked and buckling)
(see Questionnaire 2)
35 | Region 10 [Storm Drain 600 200 2998 1031 none | 4029 (7.5 (max.) Satisfactory/unsatisfactory Joints
(bands for joints in 600 mm dia.
under designed, led to
coupling breaking and pipes
float to the surface)
36 Region 1 |Culvert 900 150 600 300 none none |0.6 (min.) Unsatisfactory Deflections; Joints; Buckling
Storm drain 0.3 (min. no (see Questionnaire 2)
traffic)
1.2 (max.)
37 Region 7 |Culvert 900 300 na na na na 0.6 (min.) na Cracks; Buckling
Storm drain 0.6 (min. no (performance of installed (see Questionnaire 2)
traffic) pipes has not been checked)
3 (max.)
38 Region 5 |Storm drain 1050 200 2370 600 570 2400 [0.6 (min.) Good None
Sanitary sewer 2.4 (min. no
traffic)
2.1

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) <450 > 450 ([Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
39 Region 5 |Sanitary sewer 600 600 na 114 na 114 2.1 (min. no Satisfactory None
traffic) (Pipe is part of a sanitary
3.9 (max.) system and is not observable
but there are no physical signs
of failure)
40 Region 5 |Culvert 750 300 900 20 na 990 [0.6 (min.) Satisfactory Deflections
Storm drain 0.3 (min. no (proper backfill is critical)
Cross drain traffic)
Side drain 3 (max.)
41 Region 9 |Storm drain na 600 na 180 na na [3.6 (min.) Good None
42 Region 5 |Culvert 1200 300 1500 900 na 2400 [0.6 (min. no Good Deflections
Storm drain traffic)
2.4 (max.)
43 Region 4 |Storm drain 900 300 na 232 40 192 0.6 (min.) Good Deflections; Joints
Cross drain 0.45 (min. no (problems are not major;
Side drain traffic) pipe systems are still working
6 (max.) satisfactorily)
(see Questionnaire 2)
44 Region 5 |Storm drain 450 200 2400 0 0 2400 [1.5 (min.) Satisfactory None
Sanitary drain 2.25 (min. no
traffic)
6 (max.)
45 | Region 10 |Culvert 1200 for 300 25500 3000 0% 100% (0.6 (min.) Good None
Storm drain culverts 0.3 (min. no (no formal inspection has
Cross drain 600 for traffic) been performed on the pipes)
Side drain Storm 4.5 (max.)
Side drain drain
46 | Region 10 |Wet land 600 200 3255 1020 na 4275 [2.4 (min.) Marginally Satisfactory Joints
distribution piping 0.3 (min. no (Floated to top of burial) (Joints failed; pipe floated)
traffic)
2.4 (max.)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) <450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
47 | Region 10 |Culvert 900 200 18000 4500 12000 | 6000 |0.9 (min) Satisfactory None
Sanitary sewer 84 (max)
Cross drain
Side drain
Leachate and
Gas collection
48 Region 5 |Storm drain 750 300 705 302 784 223 na Satisfactory None
Cross drain
Side drain
49 Region 5 |Culvert 600 300 4200 300 0 4500+ [0.9 (min.) Good None
Storm drain 0.3 (min. no (Easy install, excellent flow (only use "S" type pipes)
Cross drain traffic) characteristics)
Side drain 3 (max.)
50 Region 5 |Culvert 1200 300 480 288 0% 100% (0.2 (min.) Satisfactory Deflections; Buckling
2.4 (max.) (Easy to install, excellent flow (Probably due to installation, i.e.,
characteristics) poor compacting, etc.)
51 Region 3 |Culvert 24 100 1425 144 na na |[0.6 (min.) Satisfactory Deflections; Cracks; Buckling
Storm drain 0.3 (min. no (Max. 600 mm diameter,
Cross drain traffic) not allowed under major
Side drain 4.5 (max.) national highway)
52 Region 5 |Culvert 600 100 (under 0.9 (min.) Satisfactory Deflections; Joints
Storm drain (standard)| drain & total 60000 + meters 0.6 (min. no
Cross drain 750 & 900| sewer) traffic)
Side drain (culvert) [300 (culvert) 3 (max.)
53 Region 1 |Culvert 450 300 1222 na 0% 100% (0.9 (min.) Satisfactory None
Storm drain 0.75 (min. no  |(Not recommend using this (Install the pipe need extra time &
traffic) pipe in roadway areas, but effort which is not good for limited
2.4 (max.) slope drains are possible) stage and operations.)
54 Region 5 |Storm drain 450 300 600 na na na |3 (min.) Good None
0.6 (min. no (all pipes were placed in 1996
traffic) and there were no problems
4.2 (max.) during installation)
55 Region 5 |Culvert 1050 300 360 240 150 450 (0.9 (min.) Good None
Storm drain 0.6 (min. no
traffic)
3 (max.)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) =450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
56 [Region5 Culvert 1050 na 1500 900 600 1800 |0.6 (min.) Good Buckling
Storm drain 0.6 (min. no (Pipes were damaged due to
Sanitary sewer traffic) shallow depth)
Side drain 3.6 (max.)
57 Region 9 |Culvert 900 450 na na na na 0.6 (min.) Satisfactory na
Storm drain 0.6 (min. no (very limited experience with
Cross drain traffic) HDPE pipes)
Side drain 3.3 (max.)
58 Region 9 |Storm drain 900 300 180 1200 0 1380 |0.6 (min.) Good None
Sanitary sewer 1.5 (min. no (no long term experience, but
traffic) short term has no problems.)
6.9 (max.)
59 Region 3 |Storm drain 900 375 3000 600 ery littlg most all {0.3 (min. no Satisfactory Deflections; Joints; Buckling
traffic) (Problems were with Type "C"
2.1 (max.) Pipes)
60 Region 4 |Cross drain 600 450 108 11 0 119 0.6 (min.) Satisfactory None
Side drain 0.9 (max.)
61 Region 9 |Sanitary Sewer 300 na 90 na 0 na [1.8 (max.) Satisfactory Deflections
62 Region 5 |Culvert 900 300 600+ 90 0 na [0.3-0.6 (min.) |Fair Deflections; Cracks, Joints;
Storm Drain 0.3 (min. no (Experienced some failures) Buckling
traffic)
2.4 - 3 (max.)
63-1 | Region 4 |Cross Drain 900 375 3702 1356+ 48 5010 [0.3 (min.) Good None
Side Drain 0.3 (min. no (Evaluated and recom. approval
traffic) of HDPE corrugated and Type S
pipes.)
63-2 | Region 4 |Side Drain 600 375 1140 390 na 1530 |0.3 (min. no Good None
traffic)
63-3 | Region 4 |Side Drain 900 450 120 150 na 270 0.6 (min.) Good None
1.5 (max.)
63-4 | Region 4 |Side Drain 900 450 750+ 600+ na 1350 |0.3-0.6 (min.) |Good None
1.5-1.8 (max.)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region =450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
63-5 |Region 4 Side Drain 900 375 1500 0 0 1500 |0.45 (min.) Good None
Storm Drain 0.15 (min. no) |(Light weight; easy to handle. (the exposed ends which
traffic) Concerned that exposed ends |can be damaged by mowing.)
1.8 - 2.4 (max.)|may damaged due to equipment)
63-6 |Region 4 Cross Drain 600 450 12 36 48 0 na Satisfactory Cracks
Side Drain (Side Drain pipe lengths are not [(Care must be take to prevent
included in totals.) deflection. Exposed end may
be damaged by mowing.)
63-7 | Region 4 |Culvert 600 375 180 180 0 360 [0.6 (min.) Good None
Side Drain 1.5 (min. no (Easy to install with minimal
traffic) labor and equipment.)
1.5 (max)
64 Region 9 |Sanitary Sewer 1200 na 0 450 0 450 [4.5 (max.) Satisfactory Deflections
(Non uniform deflections, none
exceeding limits.)
65 | Region 10 [Culvert 900 100 600+ 300+ 300 300 (0.9 (min.) Satisfactory Joints; Buckling
Storm Drain 0.3 (min. no (Only in 100 mm pipe due to shallow
Cross Drain traffic) installation and construction
Side Drain 4.5 (max.) equipment crushing the pipe.)
66 Region 5 |Culvert 375 300 750 0 0 750 (0.9 (min.) Satisfactory None
Storm Drain 0.9 (min. no
traffic)
2.1 (max.)
67 Region 6 |Side Drain 900 450 2600 1307 0 3908 |[na Good None
(All PE pipe has been installed
by State Maintenance forces.)
68 Region 5 |Culvert 900 100 17310 6120 11460 | 11970 |0.3 (min.) Satisfactory na
Side Drain 0.3 (min. no
traffic)
3 (max.)
69 Region 9 600 300 0 0 0 1650 |3.6 (min. no Unsatisfactory Deflections, Cracks, Joints;
traffic) Buckling
4.5 (max.) (see Questionnaire 2)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) =450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
70 | Region 10 [Culvert 450 300 9to 12 12 to 18 na na |[0.6 (min.) Good None
0.3 (min. no (Good flow characteristics.
traffic) Unsure of longevity and wear.)
1.5 (max.)
71 Region 6 |Culvert 900 600 na na na na 0.6 (min.) na Deflections, Cracks;
Side-drain 2.4 (max.) Buckling
Region 5 |Culvert 1500 100 Data recording started from 1996, 0.3 (min.) Good Deflections; Cracks; Joints;
72 Sanitary sewer 26,250 m installed in 1996 0.45 ( min. no Buckling
Cross drain traffic) (see Questionnaire 2)
Side drain < 3 (max.)
Region 4 |Culvert 750 300 na 45 0% 100% [3to 4.5 (no Unsatisfactory Deflections; Joints
73-1 Storm Drain traffic) (Most problems attributed to
6 (max.) poor method of on-site construction
(see Questionnaire 2)
73-2 | Region 4 |Storm Drain 750 300 150 30 0% 100% (0.9 (min.) Unsatisfactory Deflections; Joints; Cracks
0.9 (min. no (Do not get good results unless [(Possibly due to non-compliance
traffic) fully following ASTM D 2321 with ASTM D 2321)
2.4 (max.) procedures) (see Questionnaire 2)
74 Region 3 |Culvert 750 300 150 60 0 na [3.6 (min.) Unsatisfactory Cracks
Storm Drain 3.6 (min. no (Pipe separates from (see Questionnaire 2)
traffic) inside-out)
75 Region 7 |Culvert 1050 300 6 6 na na 0.3 (min.) Satisfactory Joints
0.3 (min. no
traffic)
1.8 (max.)
76 Region 1 |Culvert 900 300 50% 50% 18,000 [ 135,000{0.3 (min.) Good (Quality Control and some
Storm Drain 0.3 (min. no (The use of PE pipe has handling and storage problems.
traffic) increased over the past 5 years) |[Materials details have
4.5 (max.) since been required to alleviate
these problems)
77 | Region 10 [Storm Drain 750 600 0 360 na na 0.3 (min. no Good None
traffic)
0.9 (max.)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) =450 > 450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
78 Region 5 |Culvert 900 150 23170 4650 2,310 | 25,500 [0.3 to 0.6 (min.)]Satisfactory Joints
6 (min. no (Joints have problems) (Joint has a tear in it)
traffic) (see Questionnaire 2)
6 (max.)
79 Region 9 |Sanitary sewer 600 na na 269 na na [4.2 (min.) Satisfactory Buckling
5.1 (max.) (see Questionnaire 2)
80 Region 4 |Side Drain 900 375 3330 900 na na 0.3 (min. no Good None
traffic)
3 (max.)
81 Region 9 |Culvert 900 100 na na na na 0.6 (min.) Good Joints
Storm drain 9 (min. no (Easy to install. Only have six [(Difficult to get tight joints with
Cross drain traffic) years experience, no long term |spiral corrugated pipe. We
Side drain 9 (max.) data) require neoprene gasket)
82 Region 5 |Storm drain 375 100 na na na all 0.6 (min.) na None
Sanitary sewer 0.6 (min. no (Not enough HDPE Installed
Side drain traffic) to establish case histories)
3.3 (max.)
83 | Region 10 [Culvert 900 100 450 150 na 100% (0.3 (min.) Satisfactory None
Storm drain 0.15 (min. no
traffic)
6 (max.)
84 Region 6 |Storm drain 900 450 60 300 300 60 [1.2 (min. no Unsatisfactory Joints; Cracks; Deflections
traffic) (Joints came apart; cracks in (see Questionnaire 2)
1.8 (max.) pipe, Deflections.)
85-1| Region4 |[Culvert 750 250 300 150 0 100% (0.3 (min.) Good Crack
Storm drain 0.3 (min. no (see Questionnaire 2)
Cross drain traffic)
0.9 (max.)
85-2 | Region 4 |[Storm drain 450 375 12 0 0 100% (0.6 (min.) Good None
1.2 (max.)
85-3 | Region 4 |[Storm drain 1200 375 7 30 0 na 0.3 (min. no Good None
Side drain traffic)
1.8 (max.)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) =450 >450 [Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
85-4 | Region4 |[Culvert 600 300 180 60 0 100% (0.3 (min. no Satisfactory Deflection; buckling
Side drain traffic) (needs a min. of 300 mm of covg(problems when occur less than
3 (max.) some flexibility allows pipeline to {300 mm of cover is used, or proper
be turned without constructing a [compacting is not performed
junction box) around sidewalls).
85-5| Region 4 |[Storm drain 1500 1500 0 45 0 100% (1.8 (min.) Unsatisfactory Deflection; Buckling
Cross drain 1.8 (min. no (Buckling is a problem) (see Questionnaire 2)
traffic)
1.8 (max.)
86 Region 5 |Cross drain 600 600 0 24 100% 0% (0.6 - 0.9 (max.)|Good None
87 | Region 10 [Culvert 900 300 3200 to 7900 meters 0% 100% (0.3 (min.) Good None
Storm drain 3 (max.) (problems with ends of culverts
Cross drain floating or lifting up causing
problems with the flowing water).
88 Region 7 |Storm drain 375 375 na na na na |[0.45 (min.) Satisfactory Buckling
0.45 (min. no (due to construction activity)
traffic)
89 | Region 10 [Storm drain 450 450 na na na 32 [na na Buckling; Cracks; Joints
(see Questionnaire 2)
90 Region 5 |Culvert 1050 450 300 18 na na |[0.6 (min.) Good Deflection ; Joints
Cross drain 0.6 (min. no (see Questionnaire 2)
traffic)
6 (max.)
91 Region 4 |Culvert 600 100 na na na na [1.2 (min.) Satisfactory Joints
Storm drain 0.3 (min. no (good in drain but poor in (problem in passing an air test)
Sanitary sewer traffic) sanitary applications)
Cross drain 6 (max.)
Side drain
92 Region 4 |Storm drain 450 150 90 na na 90 [0.9 (min.) Satisfactory Deflections
Cross drain 0.9 (min. no (during installation)
Side drain traffic)
3 (max.)
93 Region 1 |Culvert 900 300 18 90 0 108 |.025-0.15 (min.]Good Deflections, Cracks, Joints
1.5 (max.) (limited experience) (see Questionnaire 2)

Note: na = non-available (i.e., information was not provided)




Table B-1 - Continue

No. Site Application Diameter Installed Lengths (m Burial General Experience Problems Experienced
Region (mm) =450 > 450 ([Before| After Depth with HDPE Pipes with HDPE Pipes
Max. Min. mm Dia.] mm Dia. | 1990 | 1990 (m)
94 |[Regions 8, 9|Agricultural drain.| 1050 100 3000000 10500 2E+06 | 600000 (0.3 (min.) Good Deflections, Buckling
& 10 Toe drainage for 0.3 (min. no (limited experience)
dams and canals traffic)
6 (max.)
95 Region 3 |Culvert 900 150 13500 3300 na all 0.3 (min.) Good none
Storm drain 0.3 (min. no
traffic)
3 (max.)
96 Region 8 |Culvert 900 300 na na na na 0.3 (min.) Satisfactory Cracks, Buckling
Storm drain 0.3 (min. no (proper installation important (Attributable to installation
Cross drain traffic) to the performance) deficiency, damaged pipes have
11 (max.) been replaced)
97 Region 7 |Culvert 750 100 or 20 315 na all 0.3 (min.) Good for Culvert Deflections, Buckling
Side drain 375 1.5 (max.) Unsatisfactory for side drain (for side drain and outlet,
& outlet due to poor installation)
98 Region 1 |Storm drain 900 150 na na na na [na Satisfactory Deflection, Cracks, Joints, Buckling
(concern on the installation) (Attributable to installation
deficiency)
99 Region 4 |Culvert 1200 100 thousands 0.3 (min. no Satisfactory Deflection, Cracks, Joints, Buckling
Side drain traffic) (Performance dependent on (largely contributed by the
Cross drain 6 (max.) backfill) improperly backfill)
(see Questionnaire 2)
100 | Region 8 |Storm drain 1200 450 300 > 3000 450 | > 3000 |0.9 (min.) Satisfactory Deflection, Cracks, Joints, Buckling
0.3 (min. no (see Questionnaire 2)
traffic)
2.4 (max.)
101 | Region5 |Storm drain 1200 300 6000 1500 0 7,500 |0.3 (min.) Unsatisfactory Deflection, Cracks, Buckling
Culvert 0.3 (min. no Large pipes have cracks (see Questionnaire 2)
traffic)
9 (max.)
102 Canada |Cross drain 900 150 na na na na 0.1 (min.) na Deflection
9 (max.) (see Questionnaire 2)
103 | Region 10 |Cross drain 1200 450 4500 since 1988 0.6 (average) |Good Cracks
(see Questionnaire 2)

Note: na = non-available (i.e., information was not provided)




Table B-2 (1) - Response of Questionnaire 2 (Part 1)

(Questionnaire No. 2: Responses for Information on Performance of Specific Installation with Corrugated HDPE Pipe)

No.| Site Application Year Structure Pavement [ Daily Type Depth of | Corrugation | Inside |Total Pipe| No. Pipe|Specification Pipe Inspection
Region Installed | Above the Pipe | Thickness | Traffic | of Backfill | Backfill Profile Diameter| Length [Sections Date | Frequency [ Document
(mm) (m) (mm) (m)

15 | Region 3 |Experimental 1987 na na na Gravel 30 Smooth & 600 180 30 none 91, 92, 93 1 Reports
Corrugated 94, 95 & 97 Photos
interior spiral

18 | Region 5 |Storm drain 1992 Asphalt pavement 150 Medium sand 0.6 to 1.2 |Smooth 450 to 900 1800 300 none 1992 during na

and interior construction
150 aggregate Annular

26 | Region 8 |Rundown 1993+ Soil na na na 0.3t0 0.6 [Smooth 1200 60 na material summer na Photos
interior installation 1996
Annular

27 | Region 1 [Culvert 1991+ Asphalt pavement na Light sand 2.41t03 [Smooth 900 21 4 none 1996 na Photos
interior

28-1| Region 6 [Storm drain 1994 Soil 150 na sand 1.2t0 2.4 |Smooth 900 1500 250 material 1994 na none
interior installation
Spiral
28-2| Region 6 [Storm drain 1994 Soil na na na 1 Smooth 600 na na none 1997 na Photos
interior
Spiral
29 | Region 7 [Culvert 1980 Asphalt pavement | 250 to 375 Heavy Gravel na Corrugated & 150+ 60 10 material na na none
Storm drain Concrete pavement. Smooth installation
Sanitary sewer Interior
Side drain Annular
30 | Region 4 |Storm drain 1994 Asphalt pavement 75 Medium Mixed 0.9to 1.5 [Smooth 750 36 6 installation 4/21/94 na Report
Cross drain Interior
Annular
32 | Region 1 |Sanitary sewer 1991 Soil na na Gravel 1.8t0 3.6 |Smooth 750 600 11 none 1991 Daily Report
(right of way) Interior &
Spiral Photos

34 | Region 4 |Storm drain 1995 Yard area na Light Mixed 0.3 Smooth 600 90 unknown none na Report
Interior

36 | Region 1 |Storm drain 1991-1992( Asphalt pavement 75 Light |ASTM D2487| 0.6 Smooth 300 to 900 300 100 material 93t0 97 2 years Photos

unpaved roadway #S3 stone Interior installation

37 | Region 7 |Storm drain late 1980 [Concrete pavement na Medium Gravel 1.5? Smooth 900 72 1 1993 once none
Interior

43-1| Region 4 |Cross drain 1993 Unpaved roadway na Heavy Sand 0.3 Smooth 750 24 4 material Jun-93 |same as date Report
Clay Interior Jul-93 information
Mixed Annular Oct-93
Jan-94
43-2| Region 4 |Cross drain 1988 Unpaved 1988-89 100 Light Mixed 0.6 Smooth 600 40 6 material May-90 |same as date Report
Paved from 1989 Clayey sand Interior installation Jul-90 information
to present Spiral Nov-90
Oct-92
43-3| Region 4 |Storm drain 1992 Unpaved road na no traffic clay 0.3to 1.5 [Smooth 600 168 28 material Aug-95 |one inspection[ Photo-Video
Interior installation only
Spiral
43-4| Region 4 |Cross drain 1994 Soil na no traffic na 0.3to 1.5 [Smooth 900 na na none 1997 na Photo
Interior
Spiral
43-5| Region 4 |Cross drain 1994 Unpaved road na light na 0.3to 1.5 [Smooth 900 20 3 none 1997 na Photo
but Interior
heavy Spiral
43-6| Region 4 |Storm drain 1995 Asphalt pavement na no traffic na 0.6to 1.2 [Smooth 1050
Interior
honeycomb
65 | Region 8 |Storm drain 1990 Asphalt pavement na no traffic silt 15 Smooth 450 120 na material 1994 na Photo
& unpaved road interior installation
Annular
Note: na = nonavailable (i.e., information was not provided)




Table B-2(l) - Continue

No. [ Site Application Year Structure Pavement | Daily Type Depth of [ Corrugation | Inside |Total Pipe|No. Pipe|Specification Pipe Inspection
Region Location |Installed | Above the Pipe | Thickness | Traffic | of Backfill | Backfill Profile Diameter| Length [Sections Date | Frequency [ Document
(mm) (m) (mm) (m)
69 | Region 9 |Seepage na Unpaved road na light gravel/ 4.5 Smooth 300 to 600 1650 na material yearly na Photos
interceptor sand interior installation for 3
perforated Annular years
71 | Region 6 |Culvert 1994 7 m under live load na light flowable 0.6t0 1.2 |Smooth 900 60 2 possible 1996 once Report
the rest under a fill interior & Photos
traffic island and spiral
outside of the road
72-1| Region 5 |Culvert 1995 na na na na na Corrugated 600 6 1 material 1997 na Photos
interior
72-2| Region 5 |Culvert 1994 Asphalt pavement 425 light gravel 19.5 Smooth 1050 146 25 material 1996 yearly Photos
#57 interior installation
limestone annular
72-3| Region 5 |Culvert 1984 Asphalt pavement 375 light gravel & 0.9to 1.8 |Corrugated 600 15 3 material 1997 8 year Report & Photod
sand interior installation
ODOT 304
72-4] Region 5 |Culvert 1985 Asphalt pavement 375 light gravel & 0.6 to 1.2 |Corrugated 375 12 3 material 1997 na Photos
sand interior installation
ODOT 304
72-5] Region 5 |Culvert 1982 Asphalt pavement 375 light gravel & 0.3 Corrugated 375 12 2 material 1997 na Photos
sand interior installation
ODOT 304
72-6| Region 5 |Culvert 1983 Asphalt pavement 375 light ash 11 Corrugated 375 12 2 material 1997 na Photos
and interior
rock
72-7| Region 5 |Culvert 1983 Asphalt pavement 375 light gravel 0.6 to 1.2 |Corrugated 375 12 2 material 1997 na Photos
ODOT 8 interior
72-8| Region 5 |Culvert <1985 | Asphalt pavement na light granular & 12 Corrugated 450 12 2 material 1997 na Photos
native soil interior
72-9| Region 5 |Culvert <1985 | Asphalt pavement na light granular & 0.9 Corrugated 375 12 2 material 1997 na Photos
native soil interior
72-10| Region 5 |Culvert 1983 Asphalt pavement 375 medium gravel & 0.6 Corrugated 300 12 2 material 1997 na Photos
sand interior installation
ODOT 304
72-11] Region 5 |Culvert 1981 Asphalt pavement 375 light gravel <0.3 Corrugated 600 12 2 material 1997 na Photos
Bank run interior installation
ODOT 304
72-12| Region 5 |Culvert 1997 Asphalt pavement 375 light annular 3.0 Smooth 900 75 2 material 1997 na Photos
rock & silt Interior
Spiral
72-13| Region 5 |Culvert 1983 Asphalt pavement na medium | ODOT 304 0.3 Corrugated 450 12 2 material 1997 na Photos
Interior
72-14] Region 5 |Culvert 1983 Asphalt pavement na medium | ODOT 304 0.6 Corrugated 450 12 2 material 1997 na Photos
Interior
72-15| Region 5 |Culvert 1983 Asphalt pavement na medium | ODOT 304 0.9 Corrugated 450 12 2 material 1997 na Photos
Interior
Note: na = nonavailable (i.e., information was not provided)




Table B-2(1) - Continue

No.|[ Site Application Year Structure Pavement | Daily Type Depth of [ Corrugation | Inside |Total Pipe|No. Pipe|Specification Pipe Inspection
Region Location |Installed | Above the Pipe | Thickness | Traffic | of Backfill | Backfill Profile Diameter| Length [Sections Date | Frequency | Document
(mm) (m) (mm) (m)
72-16| Region 5 |Culvert 1985 Asphalt pavement 375 light gravel 0.6 t0 0.9 |Corrugated 375 12 2 material 1997 na Photos
Interior
72-17| Region 5 |Culvert 1983 Asphalt pavement na Medium | ODOT 304 0.6 Corrugated 600 12 2 material 1997 na Photos
Interior
72-18| Region 5 |Culvert 1984 Asphalt pavement na Light ODOT 411 15 Corrugated 300 12 2 material 1997 na Photos
limestone Interior
72-19| Region 5 |Culvert 1982 Asphalt pavement 375 Light gravel 1.35 to 1.8 [Corrugated 375 12 2 material 1997 na Photos
Interior
72-20| Region 5 |Culvert 1984 Asphalt pavement 375 Light gravel & 0.9 Corrugated 375 12 2 material 1997 na Photos
sand Interior installation
ODOT 304
72-21| Region 5 |Culvert 1983 Asphalt pavement 375 Light mixed 12 Corrugated 375 135 3 material 1997 na Photos
Interior
72-22| Region 5 |Culvert 1983 Asphalt pavement na Light mixed 0.3 Corrugated 375 12 2 material 1997 na Photos
Interior installation
73-1| Region 4 |Storm Drain 1990 Unpaved roadway na None mixed <3 Smooth 750 45 10to 15 none na na na
Interior
Spiral
73-2| Region 4 |Storm Drain 1995 Unpaved roadway none None sand 2.4 Smooth 750 18 5 installation 1995 Irregular Report
Interior
Annular
74 | Region 3 |Culvert 1996 Unimproved na None mixed 1.2to 1.8 |Smooth 750 45 6 none 1996 na na
Storm Drain surface Interior
Spiral
78-1| Region 5 |Culvert 1994 Asphalt pavement 150 Medium unknown 0.9 Smooth 1050 18 na material 1996 Annually na
Interior installation
78-2| Region 5 |Culvert 1996 Asphalt pavement 150 Medium sand 3.3 Smooth 1350 30 na material 1996 Annually na
Interior installation
79 | Region 9 |Sanitary sewer 1989 Unpaved Roadway na Medium mixed 5.1 Smooth 450 269 44 none 1989 na na
Interior
Spiral
84 | Region 6 |Storm drain 1989 Asphalt Pavement na na clay 12 Smooth 450 360 na material 1996 na Photos
Interior installation
85-1| Region 4 |Storm drain 1993 na na na na na Smooth 750 none 1997 na na
interior
spiral
85-5| Region 4 |Storm drain 1993 Asphalt Pavement 100 na clay 12 Smooth 1500 36 6 material 1993 & 12 months na
Cross drain interior installation 1994 apart
spiral
89 | Region 10|Storm drain 1993 Asphalt Pavement 100 na clay 12 Smooth 1500 36 6 material 1993 & 12 months na
Cross drain interior installation 1994 apart
spiral
Note: na = nonavailable (i.e., information was not provided)




Table B-2(l) - Continue

No.| Site Application Year Structure Pavement [ Daily Type Depth of | Corrugation | Inside |Total Pipe| No. Pipe|Specification Pipe Inspection
Region Installed | Above the Pipe | Thickness | Traffic | of Backfill | Backfill Profile Diameter| Length |Sections Date Frequency | Document
(mm) (m) (mm) (m)
90 | Region 5 |Storm drain 1994  Back Yard Installatio na na gravel 0.15 to 0.9 |Smooth 450 32.1 6 material 1993(?) na Report
interior installation
annular
93 |Region 1 |Culvert 1990 Unpaved Road na light clay 0.15 to 0.9 |Smooth 300 to 900 108 18 none Sep-96 na Report
(class 1V) interior
spiral
99 |Region 4 |Culvert 1987 Asphalt pavement na na gravel 0.3t0 4.5 |Smooth 450 32.1 6 material 1993(?) na Report
Storm drain 1989 sand & corrugated installation
Cross drain silt interior
Spiral & annular
100 |Region 8 |Storm drain 1989 Open space na na Mixed 0.3t0 4.5 |Smooth 900 150 25 material Jul-95 annual Video
interior installation
spiral
101-1|Region 5 [Culvert 1996 Asphalt pavement | 125 to 150 light Flash fill 3 Smooth 900 12 2 none May-97 twice none
(fly ash, sand| interior
& water) spiral
101-2|Region 5 [Storm drain 1996 Back of lot na na Sand 15 Smooth 1200 92.7 16 none Oct-96 | spot checks none
interior
annular
101-3|Region 5 [Storm drain 1993 Asphalt pavement na na Sand 21 Smooth 750 37.8 7 none May-93 [ sport check none
interior
spiral
101-4|Region 5 [Culvert 1996 Asphalt pavement | 100 to 125 light Flash fill 3 Smooth 600 12 2 none May-97 twice none
(fly ash, sand| interior
& water) annular
102-1|Canada [Cross drain 1989 Paved Roadway na light na 7.5t09 |Corrugated 900 60 10 none Oct-97 1 Reports
interior
spiral
102-2|Canada [Cross drain 1985 Unpaved Roadway na light na 0.1 Corrugated 150 4.5 0.75 none Oct-97 1 Reports
interior
spiral
102-3|Canada  [Culvert 1985 Driveway na light na 0.15 Corrugated 450 12 2 none Oct-97 1 Reports
interior
spiral
103-1|Region 10 [Cross drain Unpaved Roadway na light Local 0.9 Smooth 750 18 3 none Feb-98 1 Report
soil interior
spiral
103-2|Region 10 Cross drain 1996 Unpaved Roadway na light Local 0.6to 1.2 |Smooth 1200 24 4 none Feb-98 1 Report
soil interior
honeycomb

Note: na = nonavailable (i.e., information was not provided)




Table B-2(ll) - Response of Questionnaire 2 (Part 1)

(Questionnaire No. 2: Responses for Information on Performance of Specific Installation with Corrugated HDPE Pipe )

No. Assessment of Pipe System's Condition Accessibility Future Permission
Deflection Buckling Splitting or Cracking Joint for Inspection
No. of Location | Vertical |Horizontal | Location [ Position Description | No. of | Crack Locations | Particular Types of Description | Description Inspection
Reading Diameter | Diameter in Crack | Length Section Crack
(mm) (mm) Pipe (mm)
15 Yes Yes Yes separation yes none yes
10 vary 575 600 liner lower half of | increases with [ many vary many in at joints in | circumferential na
the pipe depth of fill unlined pipes | unlined pipe
18 |5% mandrel na na na na na pipe was na na where na circumferential |cracking offsetting no no na
didn't fit the crushed in buckling associated buckling
pipe traffic wheel occurred with other (All detected problems were removed
path problem and replaced at time of construction)
26 None portion one side liner buckled na na headwalls na circumferential na None yes no Possible
inside
27 Yes Yes Yes None yes (low tide) no yes
28-1 minor None 1 | 12.5 | na end near to circumferential na problem with yes no yes
manhole (manhole)
28-2 11 first 525 650 small buckling None problem with yes no yes
Section (tear failure) (manhole)
29 None None None Yes na na yes
due to
construction
or settlement
30 5 first six 725 765 None 5 125 to 500(north end first six circumferential |Splits near na yes yes yes
pipe of pipe pipe flow line,
sections (lower half sections random cracks
of the pipe) throughout the
pipe
32 na top 100 to 125( 100 to 125 None None 6 joints no no yes
to separated
bottom
34 na buckled 300 600 west na na 1 300 west top circumferential na none no yes yes
toward toward
headwall headwall
36 3 west 750 900 west 12 o'clock |construction None separated at no no no
equipment bands
damage
37 visual Entire na na na 9 o'clock  [small buckling na na na na circumferential |liner appeared  |gravel backfill yes no na
examination |length to be split through joints
deflected from pipe wall
43-1 9 every3m 745 760 None None small no no yes
through separations
pipe at some joints
43-2 2 39&54m 530 628 None None small no no yes
from west separations
end at some joints
43-3 None None None small no no yes
separations
at some joints
43-4 4 1 to 3 Joints 825 1000 localized buckling at the joints 3 550 to 575 Joints first 3 pipe |circumferential shear none yes no yes
sections displacement
between pipes
43-5 5 first section 925 900 None 4 27510 925 invert first section [circumferential na none yes no yes
of the pipe and crown
Note: na= non-available (i.e., information was not provided)




Table B-2(ll) - Continue

No. Assessment of Pipe System's Condition Accessibility Future Permission
Deflection Buckling Splitting or Cracking Joint for Inspection
No. of Location | Vertical |Horizontal | Location [ Position Description | No. of [ Crack Locations | Particular Types of Description | Description Inspection
Reading Diameter | Diameter in Crack | Length Section Crack
(mm) (mm) Pipe (mm)
43-6 7 first 875 1162.5 buckling at spring line 7 525 to 650 invert first 7 circumferential na none yes no yes
7 sections and crown sections &
longitudinal
65 na na 200 to 250 na many na vertical and None None no yes yes
along horizontal
pipes
69 portion one side liner buckled pumerou 18 side wall many circumferential na pullouts yes no don't know
None inside &
longitudinal
71 4 | na | 800 | 950 12 at5 and na 43 |75 to 3650|18 at crown no circumferential na None yes no don't know
length at 10:30 - 4:30 is 975 mm 10 o'clock 24 at invert
length at 7:30 - 1:30 is 825 mm positions 1 full circum-
ferential
72-1 none south na na None 1 na 1.5 min from outlet circumferential crest None na no yes
verticle outlet &
band longitudinal
72-2 None None 1 6000 |west side of [single longitudinal valley and None yes no yes
the pipe location crest
72-3 4 south 943.5 1066.25 [South Springline double hinged | many na na section 19 circum- na None yes yes yes
at3&9 crush to 24 ferential &
o'clock deflection longitudinal
72-4 na 0.3 50 mm deflection None na na 1.2 m from outlnear outlet circum- lost 1.2 m of pipe|None yes no yes
length ferential & poor joint &
longitudinal cracks
72-5 1 0.6 m from 25 mm deflection None 1 na top of pipe na circum- crest of None yes no yes
outlet 0.6 m from ferential corrugation
outlet
72-6 na pavement 50 mm deflection None na na na na longitudinal pipe crushed |None yes no yes
edge at inlet
72-7 1 1.5 m from 62.5 mm deflection None 1 na 15t01.8m na circum- valley of None yes no yes
outlet from outlet ferential corrugation
72-8 1 Behind 37.5 mm deflection None >1 na na na circum- cracks None yes no yes
ret. wall ferential & appear brittle
at outlet longitudinal
72-9 1 na 50 mm deflection None >1 na 1.5 m from na circum- appears None yes no yes
outlet ferential slip at outlet
72-10 na na na None >1 na na na circum- top cracked |None yes no yes
ferential & bottom heaved
longitudinal up
72-11 1 under 87.5 mm deflection None >1 na 5 m from na circum- vehicle impact & [None yes no yes
roadway inlet ferential & mower damage
longitudinal at pipe ends
72-12 none 4.5 m from na 15'to 20* at3&9 wall crushed  pxcessivq na 4.5t0 6 m from| na circum- excessive None yes yes yes
outlet from o'clock outlet ferential & deflection & wall
outlet longitudinal buckling
72-13 none none none None 1 na 0.3 m from na na outlet section [None yes no yes
inlet end split due to
settling of HW
72-14 none none none None 1 na 0.9 m from end na na lost last 0.6 m [None yes no yes
of outlet of pipe;
slip area

Note: na= non-available (i.e., information was not provided)




Table B-2(l) - Continue

No. Assessment of Pipe System's Condition Accessibility Future Permission
Deflection Buckling Splitting or Cracking Joint for Inspection
No. of Location | Vertical |Horizontal | Location [ Position Description | No. of [ Crack Locations | Particular Types of Description | Description Inspection
Reading Diameter | Diameter in Crack | Length Section Crack
(mm) (mm) Pipe (mm)
72-15 1 3in na None 1 na na na na end section  |None yes no yes
from split due to
outlet settling of HW
72-16 outlet end of the pipe Bottom of pipe flattened None - Tear at outlet of pipe through retaining wall. None yes no yes
Appears the retaining wall slipped or settled
72-17 up to 50 mm deflection throughout the pipe None None None yes no yes
72-18 25 mm or more deflection at None None None yes no yes
1.5 m from inlet end.
72-19 37.5 mm deflection None unable to see None yes no yes
72-20 Yes Bottom flattened up at 3 or 4 places; None None yes no yes
72-21 Yes None None None yes no yes
(don't observe cracks; inlet crushed from 1.2 min)
72-22 50 mm deflection None None None na no yes
(bottom flat in some places; don't observe cracks; material pliable)
73-1 none NtoS 750 750 None 1 na na na na na Separating low yes no no
end joint strips
73-2 3 Near 675 800 None 1 100 1.5 m from na circum- na Pipes are yes no yes
Manhole manhole end ferential deflecting at
joints
74 None None >1 na na na circum- na na yes no yes
ferential
78-1 5 3mto 15 mAve. 100 mnf Ave. 25 m None 1 112.5 |12 m from up na circum- growth from na yes no yes
inlet stream ferential 25to 112.5mm
in one year
78-2 None None None na yes no yes
79 Yes top 12 o'clock na None na no no no
84 1 na na na None many na north top longitudinal na Separation yes no yes
85-1 6 na 675 837.5 None many [L75to 1175 within 6 m near circumferential na None no no no
junction box
85-5 3 every4.5m 1325 1575 None None None no no no
89 None 1.8 m from |top of the Pipe crushed - 5to 8 [300 to 900 | same location na longitudinal  [another hole at |Rough yes yes yes
inlet pipe at lost 1/2 of the location 9 m TV camera
12 o' clock end area from inlet can't get through

Note: na= non-available (i.e., information was not provided)




Table B-2(I) - Continue

No. Assessment of Pipe System's Condition Accessibility Future Permission
Deflection Buckling Splitting or Cracking Joint for Inspection
No. of Location | Vertical |Horizontal | Location [ Position Description | No. of [ Crack Locations | Particular Types of Description | Description Inspection
Reading Diameter | Diameter in Crack | Length Section Crack
(mm) (mm) Pipe (mm)
90 Yes None None Tear at one no yes yes
joint
93 Yes Yes 22 vary vary na circumferential [vary from crack |misalignment na
(10% to 25%) to crack
99 Yes Yes 4 150 to 175 na na circumferential na separation yes possible yes
(5% to 10%)
100 Yes Yes Yes separation no yes/6 month yes
(5% to 10%) (circumferential cracks)
101-1 No No Yes None yes none yes
(1 circumferential crack)
101-2 No No Yes None yes none yes
1 | 175 near headwall no circumferential na
101-3 No Yes Yes None yes none yes
1 | 125 near inlet end no circumferential na
101-4 Yes No Yes None yes none yes
6 50 to 600 | North to pipe no circumferential na
end
102-1 Yes No No None yes none yes
from outlet - 3rd segment vary from 33% to 17%
from inlet - 1st segment 17%
102-2 No No No None yes none yes
102-3 Yes No No None yes none yes
The vertical deflection no more than 10%
103-1 1 first joint 750 750 No 1 2510 1750 crown second circumferential na None yes none yes
pipe
section
103-2 4 first four 1100 1225 buckling in 1 1425 crown second circumferential |longitudinal None yes none yes
sections sections 3 and 4 pipe & crack changed to
section longitudinal |circumferential

Note: na= non-available (i.e., information was not provided)
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D-1. DENSITY AND CARBON BLACK CONTENT

Density

The density test was performed according to the density gradient method, ASTM D1505. Three
replicates were tested and the average reported. One specimen was taken from each of the three 1.8 mm
thick plaques. For the pipe wall material, three specimens were taken from different locations of the
liner and crest. The actual resin density of samples containing carbon black was cal culated based on the
average amount of carbon black in the material as measured by ASTM D4218. Table D-1.1 shows the
individual test data, the average value, and the corresponding standard deviation of fourteen
commercially new pipes. Table D-1.2 shows the test data of nineteen retrieved field pipe samples. The
majority of the standard deviation values for each of the three replicates is below the ASTM standard
listed value of 0.0012 g/cc.

Carbon Black Content

The amount of carbon black in pipe materials was determined using the ASTM D4218 test

procedure. A known mass, approximately 1 £+ 0.001 g, of pipe material was placed in an aluminum
container. The aluminum container with sample was then placed in a muffle furnace set to a temperature
of 600°C. After 3 minutes, the aluminum container was removed from the furnace and placed in a
desiccator for cooling. The remaining material, i.e., carbon black, in the container was determined via
mass balance. Three replicates were tested for each material. The average values and standard deviation
values are listed along with the density in Tables D-1.1 and D-1.2 for both commercially new pipes and
retrieved field pipes, respectively. The majority of the standard deviation values is below the ASTM
standard listed value, 0.03%. Five samples have a higher standard deviation value, which may have been

caused by the variation in the carbon black distribution in the pipe.



Table D-1.1 - Density result via ASTM D1505 for commercially new pipe samples

Sample Type of Test 1 Test 2 Test3 | Average | Standard | Carbon | Calculated
Code Material Density | Deviation | Black Density
(g/co) (g/c) (g/co) (g/co) (%) (g/ce)
1 Plaguefrom RP | 0.9476 0.9481 0.9483 0.9480 0.0004 N/A 0.9480
Plague from PP | 0.9572 0.9568 0.9567 0.9569 0.0003 0.9483
Pipe Crest 0.9541 0.9541 0.9550 0.9544 0.0005 1.95 0.9458
Pipe Liner 0.9537 0.9540 0.9558 0.9545 0.0011 (£ 0.03) 0.9459
2 Plaque from PP | 0.9680 0.9682 0.9673 0.9678 0.0005 0.9560
Pipe Crest 0.9615 0.9625 0.9638 0.9626 0.0012 2.69 0.9508
Pipe Liner 0.9654 0.9666 0.9672 0.9664 0.0009 (£0.02) 0.9546
3 Plague from PP | 0.9589 0.9585 0.9588 0.9587 0.0002 0.9520
Pipe Crest 0.9578 0.9572 0.9577 0.9576 0.0003 152 0.9509
Pipe Liner 0.9553 0.955 0.9559 0.9554 0.0005 (£ 0.03) 0.9487
4 Plaquefrom RP | 0.9544 0.9542 0.9534 0.9540 0.0005 N/A 0.9540
Plaque from PP | 0.9615 0.9615 0.9613 0.9614 0.0001 0.9521
Pipe Crest 0.9602 0.9607 0.9601 0.9603 0.0003 212 0.9510
Pipe Liner 0.9565 0.9575 0.9567 0.9569 0.0005 (£ 0.08) 0.9476
5 Plague from PP | 0.9580 0.9572 0.9571 0.9574 0.0005 0.9519
Pipe Crest 0.9548 0.9538 0.953 0.9539 0.0009 1.26 0.9483
Pipe Liner 0.9539 0.9544 0.9537 0.9540 0.0004 (£ 0.15) 0.9485
6 Plaque from PP | 0.9621 0.9604 0.9643 0.9623 0.0020 0.9525
Pipe Crest 0.9574 0.9572 0.9568 0.9571 0.0003 222 0.9474
Pipe Liner 0.9618 0.9606 0.9603 0.9609 0.0008 (£0.02) 0.9511
7 PlaguefromRP | 0.9517 0.9487 0.9479 0.9494 0.0020 N/A 0.9494
Plague from PP | 0.9559 0.9556 0.9559 0.9558 0.0002 0.9512
Pipe Crest 0.9545 0.9544 0.9556 0.9548 0.0007 1.04 0.9503
Pipe Liner 0.9509 0.9519 0.9506 0.9511 0.0007 (£ 0.02) 0.9466
8 Plaquefrom RP | 0.9515 0.9516 0.9513 0.9515 0.0002 N/A 0.9515
Plaque from PP | 0.9624 0.9626 0.9618 0.9623 0.0004 0.9481
Pipe Crest N/A N/A N/A N/A N/A 321 N/A
Pipe Liner 0.9683 0.9683 0.967 0.9679 0.0008 (£ 0.09) 0.9537
9 Plague from PP | 0.9565 0.9561 0.9561 0.9562 0.0002 0.9510
Pipe Crest 0.9553 0.9554 0.9558 0.9555 0.0003 1.20 0.9502
Pipe Liner 0.9518 0.9516 0.952 0.9518 0.0002 (£ 0.02) 0.9465
10 Plague from RP same as#4 N/A 0.9540
Plaque from PP | 0.9638 0.9642 0.9622 0.9634 0.0011 0.9548
Pipe Crest 0.9642 0.9643 0.9631 0.9639 0.0007 1.96 0.9552
Pipe Liner 0.9571 0.9557 0.9566 0.9565 0.0007 (£0.12) 0.9478
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Table D-1.1 - Continued

Sample Type of Testl | Test2 | Test3 |Average | Standard| Carbon | Calculated
Code Material Density [Deviation| Black Density
(g/cc) | (glee) | (glec) | (dlcc) (%) (g/cc)
11 Plaque from RP| 0.9516 | 0.9507 | 0.9500 | 0.9508 | 0.0008 N/A 0.9508
Plague from PP| 0.9551 | 0.9555 | 0.9555 | 0.9554 | 0.0002 0.9510
Pipe Crest 0.9527 | 0952 | 0.9519 | 0.9522 | 0.0004 1.00 0.9478
Pipe Liner 0.9544 | 0.9508 | 0.9538 | 0.9530 | 0.0019 | (x0.01) | 0.9486
12 Plaque from PP| 0.9558 | 0.9559 [ 0.9559 | 0.9559 | 0.0001 0.9494
Pipe Crest 0.9525 [ 0.9527 | 0.9508 | 0.9520 | 0.0010 1.48 0.9455
Pipe Liner 0.9515 | 0.9516 | 0.9515 [ 0.9515 | 0.0001 | (x0.03) [ 0.9450
13 Plague from PP| 0.9494 | 0.9499 | 0.9496 | 0.9496 | 0.0003 0.9492
Pipe Crest 0.9462 | 0.9465 | 0.9480 [ 0.9469 | 0.0010 0.09 0.9465
Pipe Liner 0.9448 | 0.9458 | 0.9457 | 0.9454 | 0.0006 |(+0.001)| 0.9450
14 Plaque from RP| 0.9549 | 0.9554 | 0.9554 | 0.9552 | 0.0003 N/A 0.9552
Plague from PP| 0.9618 | 0.9617 | 0.9609 [ 0.9615 | 0.0005 | 1.8200 | 0.9535
(£ 0.04)

N/A = Non-applicable
RP = Resin Pellets
PP = Pipe Pieces
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Table D-1.2 - Density result via ASTM D1505 for retrieved field pipe samples

Site Type of Testl | Test2 | Test3 |Average | Standard| Carbon | Calculated
Material Density [Deviationl Black Density
(gcc) | (g/cc) | (glec) | (gleo) (9) (g/cc)

A | Plaguefrompp| 0.9723 | 0.9716 | 0.9714 | 0.9718 | 0.0005 | 2.43 0.9611
B | Plaguefrompp| 0.9630 | 0.9621 | 0.9607 | 0.9619 | 0.0012 | 2.32 0.9517
D | Plaguefrompp| 0.9602 | 0.9605 | 0.9605 [ 0.9604 | 0.0002 | 1.45 0.9540
E [ Plaguefrompp| 0.9630 | 0.9642 | 0.9634 | 0.9635 | 0.0006 | 2.15 0.9541
F | Plaguefrompp| 0.9613 | 0.9599 [ 0.9609 | 0.9607 | 0.0007 | 1.44 0.9544
G | Plaguefrompp| 0.9629 | 0.9628 | 0.9623 | 0.9627 | 0.0003 | 1.21 0.9573
H | Plaguefrom pp| 0.9557 | 0.9576 | 0.9583 | 0.9572 | 0.0013 | 2.02 0.9483

Plaque from pp | 0.9579 [ 0.9573 | 0.9569 | 0.9574 | 0.0005 | 0.93 0.9533

I
J-1 | Plaguefrompp| 0.9651 [ 0.9651 | 0.9655 | 0.9652 | 0.0002 | 2.20 0.9556
J-2 | Plaquefrom pp| 0.9620 | 0.9621 | 0.9625 | 0.9622 | 0.0003 | 2.19 0.9526
K | Plaguefrom pp| 0.9610 | 0.9614 | 0.9607 | 0.9610 | 0.0004 | 2.45 0.9503
L [ Plaguefrompp| 0.9564 | 0.9563 | 0.9563 | 0.9563 | 0.0001 | 1.57 0.9494
N | Plaguefrom pp| 0.9568 | 0.9567 | 0.9572 [ 0.9569 | 0.0003 | 1.06 0.9522
O | Plaguefrompp| 0.9618 | 0.9615 | 0.9614 | 0.9616 | 0.0002 | 2.15 0.9521
P | Plaguefrompp| 0.9625 | 0.9625 | 0.9621 | 0.9624 | 0.0002 | 2.60 0.9509
R | Plaguefrompp| 0.9629 | 0.9625 | 0.9628 | 0.9627 | 0.0002 | 2.90 0.9500
U | Plaguefrompp| 0.9602 | 0.9601 | 0.9605 [ 0.9603 | 0.0002 | 1.54 0.9535
V | Plaguefrom pp| 0.9587 | 0.9584 | 0.9584 | 0.9585 | 0.0002 | 1.04 0.9539

W* | Plague from pp| 0.9820 | 0.9820 | 0.9820 | 0.9820 | 0.0000 | 6.38 0.9540

* using ASTM D 793 test procedure instead of D 1505 due to the extremely high density value
N/A = Non-applicable
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D-2. MELT INDEX

The melt index (MI) test was performed according to ASTM D1238. Two test conditions were
evaluated: 190°C at 2.16 kg and 190°C at 21.6 kg. This implies that tests were performed at a
temperature of 190°C under compressive load of either 2.16 kg or 21.6 kg. The amount of extruded
material under these two loads in a time period of 10 min. was measured. The result is expressed in the
unit of g/10 min. The ratio of these two tests (i.e../MMI,15) was evaluated and referred to as a flow
rate ratio (FRR). Three tests were performed on each material at each test condition. Table D-2.1 shows
the average values of two MI tests and the corresponding FRR values of fourteen commercially new
pipes. The results of nineteen retrieved field pipes are listed in Table D-2.2. The standard deviation of
each three replicates is within the ASTM listed value, which is 0.012 g/10 min. for materials with a 0.4

0/10 min. Mp ¢ value.



Table D-2.1 - Mélt Index results via ASTM D1238 for commercialy new pipe samples

Sample| Type of 2.16 kg Average Vaue 21.6 kg Average Value FRR
Materia (Standard Deviation) (Standard Deviation) | (21.6/2.16)
(o/10 min.) (o/10 min.) (o/10 min.) (¢/10 min.)
1 |ResinPellet 0.30 199
0.31 0.30 21.2 204 68.1
0.29 (x0.00) 20.2 (x0.7)
Pipe Pieces 0.21 195
0.20 0.21 18.8 19.2 914
0.22 (x0.01) 193 (x0.4)
2 Pipe Pieces 0.52 46.5
0.51 0.51 47.0 46.4 90.3
0.52 (x0.02) 45.8 (£0.6)
3 Pipe Pieces 0.38 319
0.37 0.37 32.8 32.2 86.9
0.36 (x0.01) 318 (x0.6)
4 | Resin Pellet 0.31 29.0
0.30 0.31 31.0 30.2 97.0
0.32 (x0.02) 30.5 (£1.0)
Pipe Pieces 0.31 317
0.32 0.31 34.6 33.3 106.1
0.31 (x0.01) 337 (x1.5)
5 Pipe Pieces 0.11 9.0
0.08 0.09 8.0 85 98.0
0.07 (x0.02) 8.4 (x0.5)
6 Pipe Pieces 0.42 48.1
0.40 0.40 434 44.5 112.2
0.37 (x0.03) 42.0 (3.2
7 | ResinPellet 0.35 36.17
0.35 0.35 36.57 36.3 103.6
0.35 (x0.00) 36.02 (x0.5)
Pipe Pieces 0.36 37.93
0.37 0.36 38.63 38.2 93.6
0.36 (x0.00) 38.19 (x0.4)
8 | ResinPellet 0.05 9.7
0.05 0.05 9.6 9.6 192.7
0.05 (x0.00) 9.7 (x0.2)
Pipe Pieces 0.04 8.8
0.04 0.04 89 8.9 221.7
0.04 (x0.00) 89 (x0.1)
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Table D-2.1 - Continued

Sample| Type of 2.16 kg Average Value 21.6 kg Average Value FRR
Material (Standard Deviation) (Standard Deviation) | (21.6/2.16)
(o/10 min.) (g/10 min.) (g/10 min.) (g/10 min.)
9 Pipe Pieces 0.26 34.9
0.26 0.26 34.8 34.8 133.9
0.26 (x0.00) 34.8 (x0.2)
10 | ResinPellet 0.31 29.0
0.30 0.31 31.0 30.2 97.0
0.32 (x0.02) 30.5 (x1.0)
Pipe Pieces 0.40 35.4
0.39 0.39 36.5 36.0 91.6
0.39 (x0.01) 36.0 (x0.6)
11 | ResinPellet 0.30 44.2
0.31 0.31 43.8 44.1 1435
0.31 (x0.00) 44.2 (x0.2)
Pipe Pieces 0.27 42.6
0.26 0.26 41.0 41.6 158.0
0.26 (x0.01) 41.3 (x0.8)
12 | PipePieces 0.23 20.9
0.23 0.23 20.5 20.7 89.9
0.23 (x0.00) 20.6 (x0.2)
13 | PipePieces 0.23 20.6
0.23 0.23 20.7 20.5 89.3
0.23 (x0.00) 20.3 (x0.2)
14 | Resin Pellet 0.34 32.6
0.35 0.35 29.1 31.0 90.0
0.35 (x0.00) 315 (x1.8)
Pipe Pieces 0.46 40.2
0.46 0.46 43.7 42.2 91.8
0.46 (x0.00) 42.9 (x1.9)
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Table D-2.2 - Melt Index resultsvia ASTM D1238 for retrieved field pipe samples

Site [ Typeof 2.16 kg Average Value 21.6 kg Average Value FRR
Material (standard Deviation) (Standard Deviation) | (21.6/2.16)
(g/10 min.) (g/10 min.) (g/10 min.) (g/10 min.)

A | Pipe Pieces 0.55 49.3
0.55 0.55 49.1 49.8 90.9

0.55 51.0

B | PipePieces 0.26 40.0
0.27 0.27 40.1 40.1 151.2

0.27 40.2

D | PipePieces 0.21 23.0
0.20 0.21 23.8 235 114.0

0.21 23.7

E | PipePieces 0.23 20.1
0.23 0.23 19.9 20.1 87.8

0.23 20.1

F | Pipe Pieces 0.26 25.7
0.26 0.26 25.7 254 9.1

0.26 24.8

G | PipePieces 0.36 38.4
0.36 0.36 32.7 35.6 99.4

0.36 35.6

H | Pipe Pieces 0.14 18.3
0.13 0.14 16.2 17.0 119.2

0.15 16.5

| | Pipe Pieces 0.26 320
0.26 0.26 32.2 32.0 125.2

0.25 31.8

J1 | Pipe Pieces 0.07 9.8
0.07 0.07 9.9 9.8 145.0

0.07 9.8

J2 | Pipe Pieces 0.36 441
0.36 0.36 43.9 44.0 121.6

0.36 44.0

K | Pipe Pieces 0.05 10.0
0.05 0.05 9.9 10.0 211.2

0.05 10.0
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Table D-2.2 - Continued

Site Type of 2.16 Kg Average 21.6 Kg Average FRR
Material value value (21.6/2.16)
(/10 min.) | (¢/10min.) | (¢/10 min.) | (g/10 min.)

L Pipe Pieces 0.04 75
0.04 0.04 7.8 7.7 192.0

0.04 7.7

N Pipe Pieces 0.06 8.2
0.07 0.06 8.3 8.2 128.2

0.06 8.1

@] Pipe Pieces 0.30 35.2
0.30 0.30 35.2 35.2 117.9

0.30 35.3

P Pipe Pieces 0.09 15.8
0.09 0.09 154 15.6 171.7

0.09 155

R Pipe Pieces 0.06 12.0
0.06 0.06 12.0 12.0 200.6

0.06 12.1

U Pipe Pieces 0.42 48.2
0.42 0.42 48.1 48.2 114.7

0.42 48.2

\% Pipe Pieces 0.05 8.8
0.05 0.05 8.8 8.8 176.0

0.05 8.8

W Pipe Pieces 0.21 23.3
0.21 0.21 23.5 234 1114

0.21 234

D-10




D-3. FLEXURAL MODULUS

This test was performed according to ASTM D790. Only compression plaques that were made
from resin pellets and cut pipe pieces were evaluated. The dimensions of the specimen and the crosshead
speed used for the tests were according to ASTM D3350. A 50 mm test span was used. The dimensions
of the test specimen are 3.2 mm depth (i.e., thickness) and 12.7 mm width. Five specimens were taken
from the 3.2 mm thick plague. The flexural modulus at 2% strain was measured. The average flexural
modulus at 2% strain for commercially new pipes and retrieved field pipes are shown in Tables D-3.1

and D-3.2, respectively.
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Table D-3.1 - Flextural modulus viaASTM D790 for commercially new pipe samples

Sample|  Type of Average Sample| Type of Average
Code Material Flexural Modulus Code Material Flexural Modulus
(Standard Deviation) (Standard Deviation)

(MPa) (MPa)

1 Resin Pellet 922 8 Resin Pellet 969
(=38 (x37)

Pipe Pieces 998 Pipe Pieces 977
(x26) (25

2 Pipe Pieces 995 9 Pipe Pieces 970
(x11) (=35

3 Pipe Pieces 934 10 Resin Pellet 939
(x27) (x21)

4 Resin Pellet 939 Pipe Pieces 969
(x21) (x19

Pipe Pieces 969 11 Piperesin 899
(x19 (x16)

5 Pipe Pieces 954 Pipe Pieces 921
(53 (x22)

6 Pipe Pieces 1,037 12 Resin Pieces 900
(=36) (x24)

7 Resin Pellet 833 13 Pipe Pieces 905
(=34 (=58

Pipe Pieces 868 14 Resin Pdllet 1,157
(29 (=59
Pipe Pieces 1,123
(=28
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Table D-3.2 - Flextural modulusvia ASTM D790 for retrieved field pipe samples

Site Pipe Style Average Site Pipe Style Average
Flexural Modulus Flexura Modulus
(Standard Deviation) (Standard Deviation)
(MPa) (MPa)
A Type C- helical 1,259 K Type S - annular na
(= 40)
B Type C-helical 948 L Type C - helical 646
(=31 (x44)
D Type C - annular 805 N Type C - helical 760
(x14) (19
E | TypeS - honeycomb na O Type C - helical 910
(53
F Type S - helical 972 P Type S - annular na
(29
G Type S - annular 983 R Type S- helical 898
(= 30) (22
H Type C - helical 927 U | Type S-honeycomb na
(15
I Type S- annular 1,020 vV Type C - helical na
(x47)
J1 Type S- helical 935 W [ Type S-honeycomb na
(x34)
J2 Type S- annular 817
(x12)

na = not available due to insufficient material
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D-4. TENSILE YIELD STRENGTH

Thetensile yield stress was evaluated according to ASTM D638-Type IV with a crosshead speed
of 50 mm/min. This test was performed on plagues that were made from resin pellets and pipe pieces.
Five specimens were taken from three 1.8 mm thick plaques. The yield stress and breaking elongation
were recorded from each of the tests. The test data of commercially new pipes and retrieved field pipes
are shown in Table D-4.1 and D-4.2, respectively. Within each set of five tests, the variability in yield
stresses is much lower than the corresponding breaking elongation due to the possible boundary effects

between pipe pieces.
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Table D-4.1 - Yield Strength via ASTM D 638 for commercially new pipe samples

Sample Type of Average Average
Code Material Yield Strength Break Elongation
(Standard Deviation) (Standard Deviation)
(MPa) (%)
1 Resin Pellets 236 1229
(£ 0.4) (£312)
Pipe Pieces 24.0 795
(1.0 (£ 278)
2 Pipe Pieces 28.0 147
(£0.3) (% 46)
3 Pipe Pieces 28.0 492
(1.7 (£ 242)
4 Resin Pellets 26.8 2469
(£0.3) (£314)
Pipe Pieces 27.6 390
(0.2 (£ 108)
5 Pipe Pieces 24.7 732
(£ 0.5) (x 400)
6 Pipe Pieces 25.8 353
(£ 0.5) (£ 226)
7 Resin Pellets 26.6 806
(£0.9) (x 40)
Pipe Pieces 26.5 523
(£ 0.6) (£221)
8 Resin Pellets 24.8 1128
(£0.3) (£ 227)
Pipe Pieces 234 1091
(£0.8) (£ 155)
9 Pipe Pieces 28.4 394
(£0.3) (£ 207)
10 Resin Pellets 26.8 2469
(£0.3) (£ 314
Pipe Pieces 26.2 308
(£ 0.5) (£ 123
11 Resin Pellets 26.8 799
(£0.8) (£173)
Pipe Pieces 26.9 392
(£ 0.6) (% 96)
12 Pipe Pieces 26.2 833
(£0.3) (£70)
13 Pipe Pieces 26.1 1160
(04 (£148)
14 Resin Pellets 275 947
(£ 0.5) (£ 143
Pipe Pieces 26.0 630
(04 (£ 278)
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TableD-4.2 - Yield Strength via ASTM D638 for retrieved field pipe samples

Site Pipe Style Average Average
Yield Strength Break Elongation
(Standard Deviation) (Standard Deviation)
(MPaQ) (%)
A Type C- helica 44 94
(0.2 (£ 29)
B Type C-hdical 26.5 345
(x0.7) (+ 284)
D Type C - annular 234 131
(0.2 (x61)
E [TypeS- honeycomk 30.5 210
(0.3 (x 128)
F Type S- helica 28.2 721
(x0.4) (x 325)
G Type S - annular 38.6 214
(x0.8) (= 89)
H Type C - helical 26.2 518
(0.3 (+ 281)
I Type S - annular 26.9 899
(x0.6) (+ 287)
J1 Type S- helica 25.8 1194
(x0.6) (% 40)
J2 Type S - annular 304 108
(0.2 (x42)
K Type S - annular 25.2 790
(x0.6) (x 257)
L Type C - helical 26.6 572
(x0.5) (x 239)
N Type C - helical 28.1 687
(0.2 (x302)
O Type C - helical 27.6 306
(0.3 (= 96)
P Type S - annular 285 212
(x0.4) (x 147)
R Type S- helica 25.9 516
(0.2 (x214)
U Type S-honeycomb 28.6 164
(0.3 (x77)
\% Type C - helical 27.1 644
(0.3 (+ 398)
W  |Type S-honeycomb 30 34
(x0.4) 7
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D-5. ENVIRONMENTAL STRESS CRACK RESISTANCE

The current test to evaluate the environmental stress crack resistance (ESCR) of polyethylene

pipe materials is ASTM D1693. The defined test condition is condition B, using 10% Igepal at 50°C.

The test was performed on plaques that were made from resin pellets and pipe pieces. Ten specimens
were taken from the three 1.8 mm plaques. A 0.3 mm deep notch was introduced on the surface of the
specimens. The notched specimens were then bent in a 180° arc and placed within the flanges of a small
channel. The entire assembly with 10 specimens was immersed in a bath containing 10% Igepal solution
at 50°C. The cracking of the 10 test specimens was monitored frequently and the number of cracked
specimens were identified. All tests were ceased after 24 hours as defined in the standard. Tables D-5.1
and D-5.2 show the number of cracked specimens and the total duration of testing time for commercially

new pipes and retrieved field pipes, respectively.
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Table D-5.1 - ESCR viaASTM D1693 for commercially new pipe samples

Sample Type of Result
Code Material number of cracked specimens
after 24 hours
1 Resin Pellets none
Pipe Pieces none
2 Pipe Pieces 10 (all failed after 14 hours)
3 Pipe Pieces 10 (all failed after 19 hours)
4 Resin Pdllets 10 (50% failed after 13 hours)
Pipe Pieces 10 (50% failed after 12 hours)
5 Pipe Pieces none
6 Pipe Pieces none
7 Resin Pdllets 10 (all failed after 20 hours)
Pipe Pieces 10 (all failed after 16 hours)
8 Resin Pellets none
Pipe Pieces none
9 Pipe Pieces 10 (all failed after 21 hours)
10 Resin Pellets 10 (50% failed after 13 hours)
Pipe Pieces 10 (50% failed after 15 hours)
11 Resin Pellets 10 (all failed after 20 hours)
Pipe Pieces 10 (all failed after 20 hours)
12 Pipe Pieces none
13 Pipe Pieces none
14 Resin Pellets 10 (50% failed after 8 hours)
Pipe Pieces 10 (50% failed after 10 hours)
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Table D-5.2 - ESCR viaASTM D1693 for retrieved field pipe samples

Site Type of Result
Material no. of cracked specimens
after 24 hours
A Pipe Pieces 10 (All failed after 15 hours)
B Pipe Pieces 10 (All failed after 13 hours)
D Pipe Pieces 10 (All failed after 10 hours)
E Pipe Pieces 10 (All failed after 13 hours)
F Pipe Pieces 10 (8 failed after 13 hours)
G Pipe Pieces 10 (All failed after 15 hours)
H Pipe Pieces None
I Pipe Pieces 10 (All failed after 16 hours)
J1 Pipe Pieces None
J2 Pipe Pieces 10 (All failed after 18 hours)
K Pipe Pieces None
L Pipe Pieces None
N Pipe Pieces None
@] Pipe Pieces 10 (All failed after 16 hours)
P Pipe Pieces None
R Pipe Pieces None
U Pipe Pieces 10 (All failed after 17 hours)
Y, Pipe Pieces None
W Pipe Pieces 10 (All failed after 12 hours)
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D-6. OXIDATIVE INDUCTION TIME

The oxidative OIT test was performed according to ASTM D3895 using differential scanning
calorimetry (DSC). One specimen was taken from each of the three 1.8 mm thick plaques. In addition,
specimens were taken directly from two locations of the pipe wall, crest and liner, to determine the effect
of compression molding on the OIT value. A test specimen weighing approximately 5 + 0.01 mg was
placed in the DSC device. The specimen was heated from room temperature to 200°C under a nitrogen
atmosphere at a rate of 20°C/min. Once the temperature reached 200°C, oxygen was introduced into the
device. The specimen was then held at 200°C until an exothermic reaction, i.e., oxidation of the
polymer, was detected. The OIT is equal to the time length from the introduction of oxygen to the onset
of the exothermic reaction. The test data and standard deviation of commercially new pipes and retrieved

field pipes are shown in Tables D-6.1 and D-6.2.
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Table D-6.1 - Oxidative Induction Time (OIT) for commercially new pipe materials

Sample Type of Specimen 1 | Specimen 2| Specimen 3| Average | Standard
Code Material oIT Deviation
(min.) (min.) (min.) (min.) (min.)
1 Plaque from RP 23 22 23 23 0.6
Plague from PP 28 28 27 28 0.6
Pipe Crest 27 27 25 26 12
Pipe Liner 27 28 28 28 0.6
2 Plaque from PP 7.6 4.1 52 5.6 18
Pipe Crest 8.6 7.6 6.8 7.7 0.9
Pipe Liner 7.6 7.2 8.0 7.6 04
3 Plague from PP 4.3 6.2 4.0 4.8 13
Pipe Crest 10 10 11 10 0.6
Pipe Liner 11 10 9 10 10
4 Plaque from PP 25 18 24 2 0.5
Pipe Crest 2.4 31 19 2.5 0.6
Pipe Liner 3.2 37 39 3.6 04
5 Plague from PP 35 35 37 36 12
Pipe Crest 39 36 36 37 1.7
Pipe Liner 37 37 37 37 0.0
6 Plaque from PP 9.0 9.2 14 11 2.8
Pipe Crest 13 13 12 13 0.6
Pipe Liner 16 19 18 18 15
7 Plague from PP 14 12 11 12 15
Pipe Crest 12 13 15 13 15
Pipe Liner 14 12 14 13 12
8 Plaque from RP 42 45 51 46 4.6
Plague from PP 42 44 39 42 25
Pipe Crest 43 40 41 41 15
Pipe Liner 43 44 44 44 0.6
9 Plaque from PP 0.9 0.9 0.8 0.9 0.1
10 Plague from PP 4.3 2 2.6 3.0 12
Pipe Crest 3.6 3.2 3 33 0.3
Pipe Liner 4.0 53 51 4.8 0.7
11 Plaque from PP 2.8 2.7 2.6 2.7 0.1
12 Plague from PP 21 23 23 22 12
13 Plaque from PP 21 21 20 20 0.8
14 Plague from RP 5.6 53 4.9 53 04
Plaque from PP 7.7 8.3 7.8 79 0.3
RP = Resin Pellets
PP = Pipe Pieces

D-21




Table D-6.2 - Oxidative Induction Time (OIT) for retrieved field pipe samples

Site Type of Test 1 Test 2 Test 3 Average Standard
Material oIT Deviation
(min.) (min.) (min.) (min.)
A Plaque from pp 2.1 15 25 20 0.5
B Plaque from pp 10.7 11.0 9.8 105 0.6
D Plaque from pp 4.3 3.2 53 4.3 11
E Plaque from pp 5.2 37 3.9 43 0.8
F Plaque from pp 114 7.6 75 8.8 22
G Plaque from pp 7.2 11.0 15.0 111 39
H Plaque from pp 18.0 17.0 19.0 18.0 1.0
I Plaque from pp 0.3 0.2 0.2 0.2 0.0
J1 Plaque from pp 4.8 9.0 8.5 7.4 2.3
J2 Plaque from pp 6.5 5.8 5.2 5.8 0.6
K Plaque from pp 15.9 11.8 16.1 14.6 24
L Plaque from pp 9.0 13.0 9.0 10.3 23
N Plaque from pp 12.7 18.9 18.2 16.6 34
@] Plaque from pp 7.6 6.2 4.1 6.0 18
P Plaque from pp 0.6 0.5 4.5 19 2.3
R Plaque from pp 6.0 6.0 7.6 6.5 0.9
U Plaque from pp 0.2 0.7 1.0 0.6 04
vV Plaque from pp 18.2 18.8 145 17.2 23
W Plaque from pp 137 114 8.7 11.3 25
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APPENDIX E

NCTL TEST RESULTS

E-1. Response Curves of P-NCTL Testsfor Resin Pellets and Pipe Pieces

E-2. Results of NCTL and P-NCTL Tests of Fourteen Commercially New Pipes
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E-1. Response Curves of P-NCTL Testsfor

Resin Pdllets and Pipe Pieces
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E-2. Results of NCTL and P-NCTL Test of Fourteen

Commercially New Pipes
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Figure E-1.1 - Response curve of the P-NCTL test for pipe Sample #1.
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Figure E-1.2 - Response curve of the P-NCTL test for pipe Sample #4.
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Figure E-1.3 - Response curve of the P-NCTL test for pipe Sample #7
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Figure E-1.4 - Response curve of the P-NCTL test for pipe Sample #8
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Figure E-1.5 - Response curve of the P-NCTL test for pipe Sample #10
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Figure E-1.6 - Response curve of the P-NCTL test for pipe Sample #11
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Figure E-1.7 - Response curve of the P-NCTL test for pipe Sample #14
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Table E-2.1 - Test Data Obtained from Sample #1

E-8

Yield Failure Time| Average Std. Div. of | Yield |FailureTime| Average Std. Div. of
Stress of the Failure Time| Failure Time] Stress of the Failure Time| Failure Time
Specimen Specimen
MPa (psi) (hr.) (hr.) (hr.) MPa (psi) (hr.) (hr.) (hr.)
Resin Pellet; yield stress = 23.4 MPa (3400 psi) Pipe Peices; yield stress = 23.8 MPa (3450 psi)
50% 0.6 25% 252
11.7 (1700) 0.6 0.7 0.12 5.9 (863) 226
0.8 22.3 233 12
47.5% 11 226
11.1 (1615) 11 11 0.05 24.0
1.2 20% 40.6
45% 4.7 4.8 (690) 46.3
10.5 (1530) 2.6 3.2 13 445 434 21
2.3 431
42.5% 7.2 2.7
10 (1445) 7.1 7.3 0.3 15% 98.2
7.6 3.6 (518) 1174
40% 79 104.2 104.9 7.6
9.4 (1360) 8.4 8.2 0.3 994
84 105.5
37.5% 7.8
8.8 (1275) 7.8 7.9 0.2
8.1
35% 8.6
8.2 (1190) 8.9 8.8 0.2
8.8
32.5% 11.3
7.6 (1105) 12.4 12.8 17
14.6
30% 17.9
7.0 (1020) 18.0 17.7 0.4
17.3
25% 27.7
5.9 (850) 28.3
30.9 28.4 1
27.7
27.3
20% 51.4
4.7 (680) 54.0
54.1 56.8 5
62.9
61.5
15% 158.1
3.5(510) 1334
140.2 142 9
139.6
140.4




Table E-2.2 - Test Data Obtained from Sample #2

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Failure Time
of the Plague

(hr.)

Pipe Pieces; yield stress= 28 M

Pa (4060 psi)

25%

7 (1015)

1.0
0.9
1.0
1.0
1.0

1.0

0.0

20%

5.6 (812)

19
2.0
19
18
1.7

19

01

15%

4.2 (609)

4.3
4.1
3.7
4.5
4.2

4.2

0.3

10%

2.8 (406)

194
17.2
155
141
12.7

15.8

2.6




Table E-2.3 - Test Data Obtained from Sample #3

Yield Stress Fallure Time Average Std. Div. of
of the Specimen | Failure Time | Failure Time
of the Plague | of the Plague
MPa (psi) (hr.) (hr.) (hr.)
Pipe Pieces; yield stress = 28 M Pa (4060 psi)
25% 44
4.0
7 (1015) 39 4.1 04
3.7
4.7
20% 6.9
6.4
5.6 (812) 6.2 6.5 0.3
6.7
6.4
15% 13.7
11.8
4.2 (609) 111 131 17
13.8
15.3
10% 85.2
76.1
2.8 (406) 78.4 80.7 4.3
85.3
785
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Table E-2.4 - Test Data Obtained from Sample #4

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Faillure Time
of the Plague

(hr.)

Resin Pellet; yield stress = 26.2 MPa (3800 psi)

20%

5.2 (760)

4.3
4.1
3.2
31
3.3

3.6

0.6

15%

3.9 (570)

10.7
10.6
0.8
10.0
9.1

10.0

0.7

10%

2.6 (380)

331
23.8
36.4
25.0
32.8

30.2

55

Pipe Pieces; yield stress = 27.6 MPa (4000 psi)

20%

5.5 (800)

2.6
2.8
24
2.7
3.2

2.7

0.3

15%

4.1 (600)

4.8
4.9
5.3
54
4.6

5.0

0.3

10%

2.8 (400)

31.9
222
23.7
271.7
19.2

24.9

5.0
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Table E-2.5 - Test Data Obtained from Sample #5

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Failure Time
of the Plague

(hr.)

Pipe Pieces; yield stress = 24.8 MPa (3600 psi)

20%

5.0 (540)

184
18.8
23.0
25.1
26.5

224

3.7

15%

3.7 (540)

61.7
55.7
49.2
41.9
54.4

52.6

74

10%

2.6 (380)

354
203
265
336
322

296.0

61.7
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Table E-2.6 - Test Data Obtained from Sample #6

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Failure Time
of the Plague

(hr.)

Pipe Pieces; yield stress = 25.8 MPa (3740 psi)

20%

5.2 (748)

8.4
7.9
8.1
8.2
8.2

8.2

0.2

15%

3.9 (560)

20.2
20.1
17.9
16.7
15.3

18.0

21

10%

2.6 (380)

97.4
95.8
103.4
94.7
921

96.7

4.2
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Table E-2.7 - Test Data Obtained from Sample #7

E-14

Yield Faillure Time | Average Std. Div. of Yield Faillure Time| Average | Std. Div. of
Stress of the Failure Failure Time Stress of the Failure | Failure Time
Specimen Time Specimen Time
MPa (psi) (hr.) (hr.) (hr.) MPa (psi) (hr.) (hr.) (hr.)
Resin Pellet; yield stress = 26.6 MPa (3860 psi) Pipe Peices; yield stress = 26.5 MPa (3840 psi)
50% 0.24 25% 2.4
13.3 (1930 0.19 0.2 0.03 6.6 (960) 2.3
0.19 25 2.4 0.1
47.5% 0.34 2.3
12.6 (1833 0.35 0.36 0.03 2.4
0.39 20% 4.4
45% 0.43 5.3 (768) 4.3
12 (1737) 0.6 0.49 0.06 4.1 4.2 0.2
0.5 4.2
40% 0.68 4.0
10.6 (1544 0.68 0.68 0.00 15% 8.4
0.68 4.0 (576) 9.7
35% 0.99 9.4 8.7 0.8
9.3(1351) 1.06 1.04 0.04 8.1
1.07 8.1
32.5% 1.25 10% 51.8
8.7 (1255) 1.25 1.25 0.01 2.6 (380) 65.5
1.24 58.9 53.6 8.6
30% 14 46.4
8.0 (1158) 14 1.40 0.00 45.3
14
27.5% 1.8
7.3 (1062) 19 1.77 0.15
16
25% 26
6.9 (1003) 29
2.8 2.8 0.1
2.8
3.0
20% 4.8
5.5 (802) 5.0
5.6 5.0 0.4
5.1
4.7
15% 111
4.2 (602) 111
11.7 10.6 1.0
9.8
9.4
10% 70.7
2.7 (380) 71.8
61.7 68.4 7.9
78.6
59.1




Table E-2.8 - Test Data Obtained from Sample #8

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Fallure Time
of the Plague

(hr.)

Resin Pellet; yield stress = 24.8 MPa (3600 psi)

25%

6.2 (900)

102
73.3
69.1
79.6
90.7

82.9

134

20%

5.0 (720)

215
161
174
167
122

167.8

33.2

15%

3.7 (540)

489
523
503
431
468

482.8

35.2

Pipe Pieces; yield stress = 23.3 MPa (3380 psi)

25%

5.8 (845)

69.4
57.4
69.2
64.2
934

70.7

13.6

20%

4.7 (676)

145
166
179
194
211

179.0

254

15%

3.5 (507)

514
550
595
610
635

580.8

48.5
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Table E-2.9 - Test Data Obtained from Sample #9

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr))

Average
Failure Time
of the Plague

(hr))

Std. Div. of
Failure Time
of the Plague

(hr.)

Pipe Pieces; yield stress=285M

Pa (4130 psi)

25%

7.1(1033)

19
18
1.7
1.7
1.8

18

0.1

20%

5.7 (826)

29
2.8
2.8
2.8
3.0

29

01

15%

4.3 (620)

6.0
54
6.5
54
5.3

5.7

0.5

10%

2.8 (413)

32.2
28.0
26.1
26.3
21.6

26.8

3.8
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Table E-2.10 - Test Data Obtained from Sample #10

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr))

Std. Div. of
Failure Time
of the Plague

(hr.)

Pipe Pieces; yield stress = 26.3 MPa (3810 psi)

20%

5.3 (762)

1.8
24
2.4
20
2.0

2.1

0.3

15%

3.9 (572)

6.6
6.1
6.4
7.5
7.2

6.8

0.6

10%

2.6 (380)

39.9
37.8
36.2
48.3
39.1

40.3

4.7
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Table E-2.11 - Test Data Obtained from Sample #11

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr.)

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Failure Time
of the Plague

(hr.)

Resin Pellet; yield stress = 26.8 M Pa (3890 psi)

25%

6.7 (973)

3.2
26
3.2
3.0
3.1

3.0

0.2

20%

5.4 (778)

4.9
4.1
4.7
4.7
4.2

45

0.3

15%

4.0 (584)

9.8
9.6
9.5
10.3
10.4

9.9

04

9.8%

2.6 (380)

58.3
534
53.3
51.1
53.6

53.9

2.6

Pipe Pieces, yield stress = 26.9 MPa (3900 psi)

25%

6.7 (975)

3.6
2.3
21
20
3.2

2.6

0.7

20%

5.4 (780)

3.6
3.6
3.6
35
3.7

3.6

0.1

15%

4.0 (585)

8.4
7.5
7.4
8.9
8.1

8.1

0.6

9.7%

2.6 (380)

62.7
56.6
63.8
52.6
51.0

57.3

5.8
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Table E-2.12 - Test Data Obtained from Sample #12

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr))

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Failure Time
of the Plague

(hr.)

Pipe Pieces; yield stress=26.2 M

Pa (3800 psi)

25%

6.6 (950)

21
18.3
19.6
18.2
17.7

19.0

13

20%

5.2 (760)

29.8
315
32.4
29.5
30.3

30.7

12

15%

3.9 (570)

76.1
70.0
76.0
69.5
69.6

72.2

35
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Table E-2.13 - Test Data Obtained from Sample #13

Yield Stress

MPa (psi)

Failure Time
of the Specimen

(hr))

Average
Failure Time
of the Plague

(hr.)

Std. Div. of
Failure Time
of the Plague

(hr))

Pipe Pieces; yield stress = 26.1 MPa (3790 psi)

25%

6.5 (948)

19.9
18.7
195
18.3
19.2

191

0.6

20%

5.2 (758)

34.2
34.1
30.2
334
335

331

16

15%

3.9 (569)

62.2
61.2
70.2
66.4
63.0

64.6

3.7
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Table E-2.14 - Test Data Obtained from Sample #14

Yield Faillure Time | Average | Std. Div.of | Yield | FailureTime| Average | Std. Div. of
Stress of the Failure |FailureTime] Stress of the Failure | Failure Time
Specimen Time Specimen Time
MPa (psi) (hr.) (hr.) (hr.) MPa (psi) (hr.) (hr.) (hr.)
Resin Pellet; yield stress= 27.5 MPa (3990 psi) Pipe Peices; yield stress = 26.2 MPa (3800 psi)
50% 0.03 20% 3.0
13.8 (1995) 0.03 0.03 0.00 5.2 (756) 29
0.03 19 2.7 05
45% 0.22 29
13.4 (1796) 0.23 0.22 0.01 29
0.22 15% 6.2
40% 0.52 3.9 (567) 5.9
11 (1596) 0.54 0.53 0.01 5.6 6.2 0.4
0.52 6.6
35% 0.66 6.6
9.6 (1397) 0.73 0.69 0.04 10% 47.9
0.67 2.6 (378) 2.7
32.5% 0.87 411 40.8 52
8.9 (1297) 0.87 0.87 0.00 38.9
0.87 33.6
30% 1.15
8.3 (1197) 0.95 1.06 0.10
1.08
27.5% 1.34
7.6 (1098) 1.44 1.37 0.06
1.32
25% 1.83
6.9 (998) 1.83 1.79 0.07
1.71
20% 29
5.5 (798) 3.0
31 29 0.2
3.0
2.7
15% 6.9
4.1 (599) 7.1
6.6 6.6 0.4
6.2
6.3
10% 31
2.8 (399) 37.9
42.9 35.2 5.7
35.7
28.4
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